: Current Research in

) Diabetes & Obesity Journal
© ISSN: 2476-1435

Review Article

Volume 18 Issue 5 - July 2026

) .
) Jumper
_I key to the ReL:EI;IrScl—I!lERrE

Curr Res Diabetes Obes ]

DOI: 10.19080/CRD0J.2026.18.555998

Copyright © All rights are reserved by Sourabh Kosey

Gut-Brain-GLP-1 Axis Beyond Glycemic
Control: Emerging Neuroprotective and
Anti-Obesity Mechanisms

Kamaljeet!?, Yavnika Minhas!, Anchal?, Jaya Bhagat!, Anjali Sharma' and Sourabh Kosey'*

!Department of Pharmacy Practice, ISF College of Pharmacy, Moga, Punjab, India

2Anil Baghi Hospital, Firozpur, Punjab, India
Submission: July 01, 2026; Published: July 15, 2026

*Corresponding author: Sourabh Kosey, Department of Pharmacy Practice, ISF College of Pharmacy, Moga, Punjab, India

Abstract

The Gut-Brain-Glucagon-Like Peptide-1 (GLP-1) axis has been identified as an essential neuroendocrine system that coordinates the
communication between peripheral organs, gastrointestinal tract and central nervous system to maintain metabolic homeostasis. Although
GLP-1 was initially described as a hormone that has an incretin effect on enhancing glucose-dependent insulin secretion, accumulating
evidence shows that the physiological and therapeutic actions of GLP-1 are much broader. This review provides the current knowledge of the
physiological basis of the gut-brain-GLP-1 axis, such as GLP-1 biosynthesis, neural signaling pathways; central receptor distribution and gut-
brain-GLP-1 gut microbiota interactions. The neuroprotective effects of GLP-1 such as its anti-neuroinflammation, anti-oxidative, preservation of
mitochondrial functions and facilitation of synaptic plasticity and hippocampal neurogenesis are particularly emphasized. In addition, the anti-
obesity effects mediated by GLP-1 via hypothalamic appetite control, food reward pathway modulation, increased energy expenditure and brown
adipose tissue activation are covered. Furthermore, recent clinical advances involving GLP-1 receptor agonists and emerging dual and triple
incretin receptor agonists are discussed, together with current challenges and future perspectives in precision medicine. The overall evidence
presented here suggests that the gut-brain-GLP-1 axis represents a novel avenue for therapeutic targeting of obesity, metabolic syndrome,
and neurodegenerative disease, one that is potentially significant in developing new neuro-metabolic interventions that go beyond the current

approach of glucose lowering.
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Introduction

Obesity and Type 2 Diabetes Mellitus (T2DM) have become a
serious public health problem in the world, impacting hundreds
of millions of people and the health care system in the world.
Obesity and diabetes are also widespread and increasing in
prevalence, as people are less active, eat more of the wrong
foods, live longer, and increasingly susceptible to the condition,
according to the International Diabetes Federation and the
World Health Organization [1]. These metabolic diseases have
been linked to many complications such as cardiovascular
diseases, chronic kidney diseases, non-alcoholic fatty liver
diseases and neurodegenerative diseases, which limits life
expectancy, increases mortality and reduces life quality. While the
conventional therapeutic strategy includes optimizing glycemic
control and weight loss, there is growing evidence indicating

that simultaneous targeting of the interconnected metabolic and
neurological pathways may have wider therapeutic benefits.

Glucagon-like peptide-1 (GLP-1) was first recognised as an
incretin hormone produced by the intestinal enteroendocrine
L-cells after a meal has been eaten, but has since developed a
myriad of roles in addition to its role in regulating postprandial
glucose homeostasis, and has become a multifunctional neuro-
metabolic hormone [2]. In addition to its stimulatory effects on
glucose-dependent insulin secretion and suppression of glucagon
release, GLP-1 slows down gastric emptying, increases satiety and
decreases food intake and energy expenditure. In addition, GLP-
1 receptors are found in the central nervous system, especially
in the hypothalamus, brainstem, hippocampus, and cortex, as
well as in the peripheral nervous system, including the pancreas,
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gastrointestinal tract, heart, and kidneys. The broad distribution
of the receptors has sparked an interest in GLP-1 as a potential
metabolic and neurologic modulator. The gut-brain-GLP-1 axis is
an integrated communication system between the gastrointestinal
tract, enteroendocrine cells, vagal afferent neurons, immune
mediators, gut microbiota, circulating hormones and multiple
regions of the brain [3]. After the ingestion of food, L-cells in
the intestine secrete GLP-1, linking to vagal sensory neurons
through GLP-1 receptors and into circulation to act on peripheral
metabolic organs. Simultaneously, the neurons in the nucleus
tractus solitarius produce GLP-1, which is part of central control
of appetite, glucose metabolism, stress responses and autonomic
function [4]. This synchronized signaling system allows for
the continuous monitoring of nutritional status, and energy
homeostasis throughout the whole body.

The gut-brain axis is a bidirectional communication system.
The gastrointestinal tract and the CNS communicate through a
network of neural pathways, hormonal regulation, immune system
molecules, and microbial metabolites. Gut-derived signals such as
GLP-1, peptide YY, ghrelin, short-chain fatty acids, bile acids, and
microbial metabolites regulate neuronal activity, cognition, mood,
and metabolic regulation, and the brain regulates gastrointestinal
motility, secretion, intestinal permeability, and feeding behavior
via autonomic and neuroendocrine mechanisms [5]. This complex
communication network has been implicated in obesity, insulin
resistance, chronic inflammation, and neurodegenerative
diseases and is therefore an important therapeutic target. This
review aims to comprehensively examine the gut-brain-GLP-1
axis beyond its traditional role in glycemic regulation. It highlights
the physiological basis of gut-brain communication, the novel
neuroprotective effects of GLP-1 signaling, and its role in appetite
control, energy homeostasis and obesity treatment. In addition,
the review presents recent developments in GLP-1 receptor
agonist and dual and multi-receptor therapeutics and discusses
their potential for treating metabolic dysfunction and neurological
disorders at once. These are the integrated mechanisms that could
be harnessed to create novel therapeutic approaches against
obesity, diabetes, and related neurodegenerative disorders.

Physiological Basis of the Gut-Brain-GLP-1 Axis

The gut-brain-GLP-1 axis is a highly orchestrated
neuroendocrine communication system that includes nutrient
sensing and gastrointestinal signaling, as well as central regulation
of metabolism. This axis regulates glucose homeostasis, energy
balance, feeding behavior and cognitive and neuroprotective
functions via endocrine, neural and immune mechanisms [6]. To
appreciate the increasing therapeutic importance of GLP-1, it is
essential to understand the physiological mechanisms underlying
GLP-1 synthesis, neural communication, receptor distribution and
interactions with the gut microbiota.

GLP-1 Biosynthesis and Secretion

GLP-1 is mainly synthesized in the distal ileum and colon
by enteroendocrine L-cells, from the proglucagon gene product

by post-translational processing mediated by prohormone
convertase 1/3. Pancreatic a-cells and their precursor protein
are identical, but tissue specific enzymes generate different
peptide products [7]. The major trigger for GLP-1 secretion is
nutrient ingestion, and carbohydrates, lipids, proteins and some
amino acids stimulate GLP-1 release from the L-cells via nutrient
transporters and G protein coupled receptors. Other stimulatory
signals include bile acids via Takeda G-protein-coupled receptor
5 (TGRS5), neural input and microbial metabolites released in the
gut.

After secretion, GLP-1 has several physiological effects such
as stimulating glucose-dependent insulin secretion, suppressing
glucagon, slowing gastric emptying, and inducing satiety [8].
The endogenous GLP-1 is, however, rapidly degraded in the
plasma, with a plasma half-life of about 1-2 minutes, due to the
presence of the enzyme Dipeptidyl Peptidase-4 (DPP-4), which
rapidly inactivates the peptide. This means that relatively little
secreted GLP-1 enters the systemic circulation. The accelerated
degradation has stimulated the use of DPP-4 inhibitors and long-
acting, GLP-1 receptor agonists that extend the duration of GLP-1
activity and improve the therapeutic effectiveness in metabolic
disorders [9].

Neural Communication Between Gut and Brain

The main neural pathway of the gut-brain axis is the vagus
nerve. The GLP-1 secreted by intestinal L-cells binds to receptors
on vagal afferent neurons, which convey information about
the nutrient content and the gastrointestinal function to the
Nucleus Tractus Solitarius (NTS) in the brainstem [10]. They
control appetite, gastric motility, insulin secretion and autonomic
responses to food intake, allowing for a fast coordination of
postprandial metabolism.

In addition to vagal signaling, the enteric nervous system, or
“second brain,” plays a role in the regulation of gastrointestinal
motility, secretion, and local blood flow and has extensive central
nervous system connections. Signals produced in the ENS are
combined with autonomic signals and endocrine signals, enabling
a control of digestive and metabolic processes that is both precise
and sensitive [11]. The brainstem neurons in NTS synthesize
GLP-1 and pass this information to the higher brain areas where
neuroendocrine networks are interconnected with hunger, satiety
and energy expenditure. This two-way traffic allows the brain to
control the physiology of the gut and to be influenced by metabolic
signals in the periphery.

Central GLP-1 Receptor Distribution

The broad expression of GLP-1 receptors in the central
nervous system suggests that GLP-1 has other physiological
functions beyond glucose control. A major site of action is the
Hypothalamus (hypo) in which receptors are highly expressed
in appetite-regulating hypothalamic nuclei such as the arcuate,
paraventricular and ventromedial nuclei [12]. These receptors
inhibit the activity of orexigenic neuropeptide Y/agouti-related
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peptide neurons and activate Pro-Opiomelanocortin (POMC)
neurons, which in turn decreases energy intake and increases
energy expenditure.

In the brainstem, GLP-1 receptors in the nucleus tractus
solitarius and the area postrema play a role in satiety signaling,
autonomic regulation and gastrointestinal function. GLP-1
receptors are also highly expressed in the hippocampus and
cerebral cortex, where GLP-1 signaling improves synaptic
plasticity, learning and memory, decreases oxidative stress and
helps to prevent inflammation and apoptosis of neurons. In
addition, GLP-1 receptors have been found in the mesolimbic
reward system, such as the ventral tegmental area and nucleus
accumbens [13]. The activation of these pathways alters the
rewarding properties of palatable foods, reduces hedonic eating
and promotes long-term weight loss through modulation of
dopamine-dependent reward signaling.

Interaction with Gut Microbiota

The gut microbiota has been identified as playing a crucial
role in regulating the gut-brain-GLP-1 axis by modulating the
host gut enteroendocrine function and host metabolism via the
production of bioactive metabolites. During bacterial fermentation
of dietary fiber, Short-Chain Fatty Acids (SCFAs) are produced,
which activate free fatty acid receptors (FFAR2 and FFAR3),
expressed on intestinal L-cells, to stimulate the secretion of GLP-
1 [14]. Hyperactivity of GLP-1 secretion results in greater insulin
secretion, improved glucose tolerance, and increased satiety.

In addition to SCFAs, microbial metabolites such as secondary
bile acids, indole derivatives and tryptophan metabolites
also interact with TGR5, Farnesoid X Receptor (FXR) and aryl
hydrocarbon receptor signaling pathways to affect GLP-1 secretion
and gut-brain communication. Changes to the gut microbiome that
are found in obesity and type 2 diabetes disrupt these signaling
pathways and consequently decrease the release of GLP-1,
increase chronic low-grade inflammation, insulin resistance, and
disrupt appetite mechanisms. On the other hand, gut microbiome
restoration by dietary strategies, probiotics, prebiotics, and
microbiota-targeted therapies could restore microbial diversity
and improve metabolic homeostasis by promoting endogenous
GLP-1 production [15]. The results suggest that the gut microbiota
plays a key role in the gut-brain-GLP-1 axis and could be a new
therapeutic avenue for obesity, diabetes, and neurodegenerative
diseases.

Neuroprotective Actions of GLP-1 Beyond Glycemic
Control

While GLP-1 is primarily known for its role in glucose
homeostasis, there is growing evidence that GLP-1 signaling
has a much broader spectrum of neuroprotective effects beyond
its metabolic actions. The Central Nervous System (CNS) is
also highly rich in GLP-1 receptors, which are expressed in the
hypothalamus, hippocampus, cortex and brainstem, allowing GLP-
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1 to regulate neuronal survival, synaptic function, inflammation
and cellular metabolism [16]. Importantly, GLP-1 receptor
agonists (GLP-1RAs) are capable of crossing the blood-brain
barrier to varying extents, and directly influencing neuronal and
glial function. Based on preclinical research and current clinical
evidence, GLP-1 therapies could have a protective effect against
neurodegenerative processes, maintaining cognitive function,
and enhancing neurological outcomes in chronic inflammatory
conditions, oxidative stress and neuronal dysfunction.

Reduction of Neuroinflammation

Chronic neuroinflammation is an important feature of many
neurodegenerative disorders such as Alzheimer’s Disease (AD),
Parkinson’s Disease (PD), and vascular dementia. Overactivation
of resident immune cells of the CNS called microglia can cause
damage to neurons by excessive production of pro-inflammatory
cytokines, ROS and toxic mediators [17]. In pathological conditions
activated microglia adopt a pro-inflammatory phenotype that
exacerbates the process of neurodegeneration and impairs the
neuronal repair mechanisms.

An important regulator of microglial activity is GLP-1
signaling. GLP-1 receptor activation helps switch the function
of tissue-resident macrophages from the inflammatory M1
to anti-inflammatory M2 phenotype, thereby decreasing the
release of inflammatory mediators and promoting tissue repair.
Experimental research has shown that GLP-1 receptor agonists
inhibit the production of tumor necrosis factor-a (TNF-a),
interleukin (IL)-1p, IL-6, and other inflammatory cytokines which
are associated with neuronal injury [18].

The inhibition of the nuclear factor-kappa B (NF-kB) signaling
pathway is one of the main mechanisms responsible for these
effects, a major transcriptional regulator of inflammatory
gene expression. GLP-1 receptor activation inhibits nuclear
translocation of NF-«xB, and downstream decrease in inflammatory
enzymes, like inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2) [19]. Simultaneously, GLP-1 stimulates
anti-inflammatory mechanisms via cyclic AMP (cAMP) and Protein
Kinase A (PKA) pathways. Together, these mechanisms limit
chronic neuroinflammation, neuronal apoptosis, and maintain
neural tissue integrity.

Protection Against Oxidative Stress and Mitochondrial
Dysfunction

Oxidative stress and mitochondrial dysfunction play a major
role in neuronal degeneration and memory loss. The accumulation
of ROS results in damage to lipids, proteins, and DNA, which
eventually results in impaired neuronal function and cell death.
Neurons have high metabolic needs and inadequate antioxidant
defenses making them especially susceptible to oxidative
damage. The activation of GLP-1 receptor stimulates endogenous
antioxidant defense mechanisms by decreasing the production of
ROS within the cell and improving the activity of cells’ antioxidant
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enzymes such as superoxide dismutase, catalase and glutathione-
peroxidase [20]. The activation of intracellular signaling pathways
like phosphatidylinositol-3 kinase/protein kinase B (PI3K/Akt)
and AMP-activated protein kinase (AMPK) leads to a decrease in
oxidative damage and apoptosis and an increase in cell survival.

Beyond reducing oxidative stress, GLP-1 is also known to
promote mitochondrial health by promoting mitochondrial
biogenesis via activation of peroxisome proliferator-activated
receptor gamma coactivator-1 alpha (PGC-1a), which is a
master regulator of mitochondrial formation and function.
Mitochondrial biogenesis leads to higher ATP production,
higher efficiency of the respiratory chain and lower damage to
mitochondrial DNA [21]. Another role of GLP-1 signaling is its
promotion of mitophagy, which aids in the clearance of damaged
mitochondria and maintains mitochondrial quality control. These
multifaceted actions help to keep cells in energy balance, protect
neurons from metabolic stress, and prevent the development of
neurodegenerative injuries.

Promotion of Synaptic Plasticity and Neurogenesis

Synaptic plasticity and neurogenesis are necessary for
learning, memory and cognitive flexibility. Increasing evidence
suggests that GLP-1 signaling promotes these processes in various
ways via neurotrophic and intracellular signaling pathways. Up-
regulation of Brain-Derived Neurotrophic Factor (BDNF), which
plays a key role in neuronal survival, dendrite growth, and
synapse remodeling, is one of the more significant mechanisms
[22]. GLP-1 receptor activation causes the upregulation of cAMP
response element binding protein (CREB), which leads to the
expression of BDNF and the induction of Long-Term Potentiation
(LTP), the underlying mechanism of learning and memory in
the brain. Experimental studies have shown that GLP-1 receptor
agonists increase the density of dendritic spines and improve
synaptic transmission, and increase strength of the connection
between neurons in the hippocampus and cerebral cortex [23].
The changes have a positive impact on the performance in spatial
learning, memory retention and cognitive function behavioral
models.

One of the few brain regions that can continue to produce
new neurons throughout life is the hippocampus, which seems
especially sensitive to GLP-1 signaling. The activation of the
GLP-1 receptor promotes the growth and maturation of neural
progenitor cells, as well as the survival and incorporation of
newly generated neurons into the existing neural network.
GLP-1 could help to prevent age-related cognitive decline and
prevent neuronal loss from chronic neurodegenerative diseases
by promoting hippocampal neurogenesis and maintaining the
integrity of synapses [24].

Emerging Evidence in Neurodegenerative Disorders

The multipotent activity of GLP-1 on the nervous system has
sparked great interest in the potential therapeutic applications
of GLP-1 for neurodegenerative disorders. Evidence comes from
preclinical studies that GLP-1 receptor agonists are able to lower
amyloid-f levels, prevent tau hyper-phosphorylation, decrease
neuroinflammation, improve mitochondrial function, and increase
synaptic plasticity in AD [25]. The treatment with liraglutide,
semaglutide, exenatide and related agents has repeatedly been
demonstrated to enhance learning and memory in animal models.
Initial clinical trials indicate positive cognitive effects, but larger
randomized controlled trials are needed to confirm the long-term
impact.

Similarly, GLP-1 receptor agonists have been shown to be
neuroprotective in PD, wherein they maintain dopaminergic
neurons in the substantia nigra, decrease the aggregation
of a-synuclein, enhance mitochondrial function, and inhibit
neuroinflammatory responses [26]. Exenatide and more recent
GLP-1 receptor agonists have been used in clinical studies that
have demonstrated benefit on motor symptoms and disease
progression, suggesting the need to further study these drugs
as disease-modifying agents. In addition to neurodegenerative
diseases, GLP-1 signaling has been seen to have therapeutic
potential in mild cognitive impairment, vascular cognitive
impairment, and metabolic-associated cognitive dysfunction [27].
All these changes together might help to promote better cognitive
function in people with obesity and T2DM.

Clinical evidence at present is very promising and is evolving.
Semaglutide, liraglutide, exenatide, and dual incretin receptor
agonists are being studied in several phase Il and phase IlI clinical
trials for AD, PD and cognitive impairment. While definitive
conclusions on disease modification are not yet possible, the
mechanistic data is robust, the preclinical data is consistent, and
initial clinical evidence is quite promising, making GLP-1-based
therapies an important strategy to consider for not only metabolic
dysfunction, but for neurodegeneration, as well [28]. Optimization
of the timing of treatment, dosing regimens, patient selection,
and long-term neurological benefits will be better understood
in the future. Collectively, these findings demonstrate that GLP-1
exerts neuroprotective effects through multiple interconnected
signaling pathways that regulate inflammation, oxidative stress,
mitochondrial integrity, and neuronal plasticity [16]. The principal
molecular mechanisms underlying these neuroprotective actions
are summarized in (Table 1), while a schematic overview of GLP-
1 receptor-mediated neuroprotective signaling is presented in
(Figure 1).
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Table 1: Neuroprotective molecular pathways activated by GLP-1.

Neuroprotective Mechanism

Major Molecular Targets/Path-

ways

Biological Effects

Potential Clinical Relevance

Anti-inflammatory signaling

GLP-1R — cAMP/PKA4, inhibition

of NF-kB

Reduces TNF-q, IL-18, IL-6, COX-2, iNOS
expression

Attenuates chronic neuroinflam-
mation in AD and PD

Microglial modulation

M1 — M2 phenotype polarization

Decreases pro-inflammatory microglial
activation and promotes tissue repair

Preserves neuronal survival and
limits disease progression

Oxidative stress reduction

PI3K/Akt, Nrf2 antioxidant

signaling

Decreases reactive oxygen species (ROS);
increases SOD, catalase, and glutathione
peroxidase activity

Protects neurons against oxidative
injury

Mitochondrial protection

AMPK, PGC-1a-mediated mito-

chondrial biogenesis

Enhances ATP production, improves
mitochondrial respiration, promotes
mitophagy

Maintains neuronal energy ho-
meostasis

Anti-apoptotic signaling

PI3K/AKkt, inhibition of caspase

activation

Reduces neuronal apoptosis and pro-
motes cell survival

Slows neurodegenerative pro-
cesses

Synaptic plasticity

cAMP/CREB/BDNF pathway

Enhances dendritic spine formation,
long-term potentiation, and synaptic
transmission

Improves learning and memory

Hippocampal neurogenesis

BDNEF, CREB activation

Stimulates neural stem cell proliferation
and neuronal differentiation

Supports cognitive function and
memory preservation

Protein aggregation modu-
lation

Reduced amyloid-f accumulation
and tau hyperphosphorylation;
decreased a-synuclein toxicity

Limits pathological protein deposition

Potential disease-modifying
effects in AD and PD

Cerebral metabolic regulation

Improved insulin signaling and

glucose utilization

Enhances neuronal metabolism and
reduces insulin resistance

Improves cognitive performance
in metabolic disorders

Overall neuroprotective
outcome

Integrated activation of multiple

signaling pathways

Reduced inflammation, oxidative stress,
mitochondrial dysfunction, and neuronal
loss

Potential therapeutic strategy for
neurodegenerative diseases and
cognitive impairment

Table 2: Major GLP-1 receptor agonists and dual/triple incretin agonists: mechanisms, approved indications, and extra-glycemic benefits.

Drug Rec;;;t(z:)Tar- Approved Indications* Principal Mechanism Extra-Glycemic Benefits
Exenatide GLP-1 receptor Type 2 diabetes E.nhances.glucose—dependent insu- | Weight r.eductlon, lmproyed satiety,
lin secretion; suppresses glucagon potential neuroprotective effects
Lixisenatide GLP-1 receptor Type 2 diabetes Delays gastt.'lc en.lptymg e.md en- Reduced postprar.ldlal glucose, mod-
hances insulin secretion est weight loss
. . . . . . Significant weight loss, cardio-
Liraglutide GLP-1 receptor Type 2 diabetes; Chronic weight Appetite suppresslor}, delayed vascular risk reduction, potential
management gastric emptying . .
cognitive benefits
Dulaglutide GLP-1 receptor Type 2 diabetes Long-acting GLP.—l receptor acti- Weight redgctlon, cardlova§cular
vation protection, renal benefits
Substantial weight loss, cardio-
Semaglutide GLP-1 receptor Type 2 diabetes; Chronic weight Po.tent appet.lte suppression and vascula.r beneflt,.reduc_ed l?epatlc
management improved insulin sensitivity steatosis, under investigation for
neurodegenerative diseases
. . GIP + GLP-1 Type 2 diabetes; Chronic weight . . N Greater WEI.ght loss tha.m.GLP-l.
Tirzepatide Dual incretin receptor activation monotherapy, improved lipid profile,
receptors management

enhanced insulin sensitivity

Cagrilintide +

Amylin + GLP-1

Investigational/advanced clini-

Combined appetite suppression and

Enhanced weight reduction com-

Semaglutide receptors cal development delayed gastric emptying pared with GLP-1 alone
GLP-1 +GIP + Triple receptor activation to reduce Marked weight loss, improved fat
Retatrutide Glucagon recep- Investigational appetite and increase energy oxidation, potential cardiometabolic
tors expenditure benefits
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Figure 1: Neuroprotective mechanisms of GLP-1 receptor signalling.

Anti-Obesity Mechanisms Mediated by the Gut-
Brain-GLP-1 Axis

Obesity is a complex chronic condition that is caused
by dysregulation of energy intake, energy expenditure,
neuroendocrine signals and reward processing. A variety of
methods have been adopted for treating obesity, such as diet
and exercise, but emerging data suggest that the gut-brain-
GLP-1 axis is a key component of body weight regulation by
orchestrated neural and hormonal changes. In addition to its
role in glycemic control, GLP-1 regulates peripheral organs and
CNS circuits, affecting appetite, satiety, energy expenditure, food
reward and adipose tissue metabolism [29]. As a result, GLP-1RAs
have become increasingly popular as an effective drug therapy
for obesity, leading to significant and sustained weight-loss and
associated benefits for cardiovascular risk factors.

Appetite and Satiety Regulation

The suppression ofappetite by activatinghypothalamic feeding
circuits is one of the main anti-obesity properties of GLP-1. After
nutrient intake, GLP-1 is released from intestinal enteroendocrine
L-cells and stimulates GLP-1 receptors on vagal afferent neurons
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and within the Arcuate Nucleus (ARC), Paraventricular Nucleus
(PVN) and ventromedial hypothalamus of the hypothalamus [4].
These areas receive peripheral metabolic signals and mediate
behavioral and autonomic responses to food intake.

The arcuate nucleus contains anorexigenic
opiomelanocortin (POMC) and cocaine- and amphetamine-
regulated transcript (CART) neurons that selectively respond
to GLP-1. These neurons activate signaling systems that lead to
the release of a-melanocyte-stimulating hormone (a-MSH) that
subsequently activates melanocortin-4 receptors in downstream
hypothalamic nuclei, which suppress caloric intake and promote
satiety [12]. At the same time, GLP-1 is also known to inhibit
orexigenic Neuropeptide Y (NPY) and Agouti-Related Peptide
(AgRP) neurons that drive hunger and feeding behavior.
Anorexigenic pathways activated and orexigenic pathways
inhibited leads to smaller meal size, longer satiety, and lower daily
energy intake. Beyond central effects, GLP-1 slows down the rate
of stomach emptying, causing the stomach to feel fuller and longer
and sending more “fullness” signals to the brain through the vagus
nerve [30]. This peripheral and central regulation is coordinated
and plays a major role in maintaining a sense of satiety and

promoting weight loss.

pro-
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Energy Expenditure and Brown Adipose Tissue
Activation

While the main pathway of GLP-1’s ability to induce weight
loss is through appetite suppression, there is growing evidence
that GLP-1 signaling also affects energy expenditure. Central
activation of GLP-1 receptors leads to increased sympathetic
nervous system activity and activation of Brown Adipose Tissue
(BAT) thermogenesis and whole-body energy expenditure [31].
BAT is rich in mitochondria that produce uncoupling proteins
(UCPs), especially UCP1, which uncouple the chemical energy
from the storage of ATP and increase the burning of calories as
heat.

Experimental research has shown that activation of the
GLP-1 receptor leads to a rise in BAT activity and expression of
thermogenic genes, and stimulates browning of white adipose
tissue by inducing the appearance of beige adipocytes with
increased thermogenic potential. These adaptations help boost
resting energy expenditure and enhance metabolic flexibility. In
addition, GLP-1 signaling also acts to improve lipid metabolism
through increased fatty acid oxidation and decreased ectopic
lipid accumulation in liver and skeletal muscle [32]. Induced by
intracellular pathways, such as AMPK, mitochondrial health and
substrate utilization towards fat oxidation. While the effects of
increased energy expenditure appear less strong than suppressing
appetite, these mechanisms work in tandem with lowered caloric
intake and enhance long-term metabolic well-being.

Food Reward and Hedonic Eating

food
consumption, and there are also hedonic mechanisms that
mediate food reward, motivation, and craving. Frequently, the
brain’s mesolimbic dopaminergic reward system is triggered
by highly palatable foods that are high in sugar and fat that can

Homeostatic mechanisms alone do not control

cause overeating and obesity even when the body is full. The
Ventral Tegmental Area (VTA), nucleus accumbens, and prefrontal
cortex are just a few of the widely distributed components of
the mesolimbic pathway that are heavily involved with GLP-
1 receptors [33]. The activation of these receptors affects
dopaminergic neurotransmission, decreasing the energy density
reward value and the motivation for energy density food.
Experimental models have shown that GLP-1 receptor agonists
lower preference for high-fat diets, reduce binge eating behavior
and eliminate compulsive feeding behavior, while preserving
normal feeding behavior for survival [34].

It's also supported by clinical research, which shows that GLP-1
agents can help lower food cravings, emotional eating and reward-
driven eating. Treatment with GLP-1 receptor agonists has been
demonstrated to normalize neural circuits involved in appetite
control, including decreased activation of reward-related brain
regions in response to visual food cues in neuroimaging studies
[35]. GLP-1 signaling simultaneously affects both homeostatic and
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hedonic pathways, resulting in a more comprehensive effect on
body weight than simply calorie restriction.

Clinical Evidence with GLP-1-Based Therapies

The clinical success has been achieved with clinical
application of the GLP-1 based pharmacotherapy, which has
revolutionized obesity treatment. Semaglutide is a long-acting
GLP-1 receptor agonist that has been shown to be highly effective
in randomized clinical trials, where average body weight loss
of about 15% of baseline body weight has been achieved with
lifestyle interventions [33]. These benefits are accompanied by
improvements in blood pressure, lipid profiles, insulin sensitivity,
inflammatory markers and overall cardiovascular risk, even in

people without diabetes.

The GLP-1receptor agonist/glucose-dependentinsulinotropic
polypeptide (GIP) combination, tirzepatide, has demonstrated
even more effectiveness; clinical trials have reported mean
weight loss of more than 20% in numerous patients. These
synergistic effects of GIP and GLP-1 lead to an unprecedented
degree of pharmacologically-induced weight loss, simultaneously
suppressing appetite, improving insulin sensitivity and optimizing
energy metabolism [36]. On this basis, a number of GLP-1, GIP
and glucagon dual receptor and triple receptor agonists are
in clinical trials. These next generation agents are designed to
deliver superior satiety, energy expenditure, lipid metabolism,
and glycemic control in a single therapeutic agent. Initial clinical
results indicate that these multi-receptor agonists may be more
effective at helping patients lose weight than GLP-1 receptor
agonists alone, and have good safety profiles.

Importantly, the advantages of GLP-1-based therapies aren’t
restricted to glucose lowering. Loss of weight is also associated
with a loss of visceral adiposity, improvement of hepatic steatosis,
reduction of cardiovascular risk, improvement of physical function
and better quality of life [37]. The diverse effects highlight the
pivotal role of the gut-brain-GLP-1 axis in the pathogenesis of
obesity, and provide a solid rationale for GLP-1-based drugs as a
cornerstone of contemporary obesity management. The incretin
class of drugs has evolved quickly and now includes both GLP-1
receptor agonists as well as dual and triple receptor agonists with
greater metabolic efficacy than the traditional GLP-1 receptor
agonists [38]. A comparative overview of the major GLP-1-based
therapeutics, their mechanisms of action, approved indications,
and extra-glycemic benefits is provided in (Table 2).

Therapeutic Implications, Current Challenges, and
Future Perspectives

The expanding understanding of the gut-brain-GLP-1 axis
grows, GLP-1-mediated therapy has become more than a glucose-
lowering agent; it has now expanded to a range of potential
metabolicand neurological applications [39]. As molecular biology,
neuroendocrinology and clinical pharmacology have progressed;
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it has been shown that modulation of GLP-1 signaling could
provide benefits beyond glycemic control, thereby presenting new
opportunities for the treatment of obesity, neurodegenerative
diseases and the metabolic syndrome. However, there are several
challenges that need to be overcome clinically and scientifically to
realize the therapeutic potential of the gut-brain-GLP-1 axis [40].

Expanding Indications Beyond Diabetes

GLP-1 receptor agonists are now known to be effective
medications for chronic obesity, and have been shown to induce
clinically significant and persistent weight loss via appetite
suppression, increased satiety, and better energy balance. In
addition to obesity, there is a growing body of evidence that
GLP-1 signaling may have a beneficial effect on a variety of other
diseases, including AD and PD, through its anti-inflammatory,
mitochondrial protective and synaptic plasticity effects [41].
Finally, GLP-1-based therapies also have beneficial effects on
various factors of metabolic syndrome, such as insulin resistance,
dyslipidemia, hypertension and hepatic steatosis, which lowers
overall cardiovascular and metabolic risk. These pleiotropic
effects have expanded the therapeutic potential of GLP-1 to
include additional therapeutic indications beyond diabetes
management [42].

Combination and Precision Therapies

The creation of multi-agonist therapies is one of the most
promising advances in incretin-based medicine. Dual agonists
(agonists of glucose-dependent insulinotropic polypeptide
[GIP] and GLP-1 receptor) and upcoming triple GIP/GLP-1/
glucagon receptor agonists have been shown to be more effective
in weight loss and metabolic benefit than GLP-1 receptor
agonists in isolation [43]. These agents simultaneously act on
complementary pathways that control hunger, insulin sensitivity,
lipid metabolism and energy expenditure. The precision medicine
approaches are also likely to maximize treatment outcomes. The
genetic background, composition of gut microbiota, metabolic
phenotype, and environment may all impact therapeutic response
[44]. Through pharmacogenomic research, genetic variations
linked to the efficacy, tolerability and adverse effects of drugs can
be identified, leading physicians to more personalised treatment
decisions for incretins and enhance the long-term success of
treatment.

Current Limitations

While these therapies for GLP-1 offer significant clinical
advantages, they also have several drawbacks. Despite all of this,
gastrointestinal side effects, such as nausea, vomiting, diarrhea
and constipation, continue to be the most frequent reasons for
treatment cessation, especially during dose escalation [45].
Moreover, due to their relatively high cost and poor availability in
many health care systems, these medicines are not widely used,
particularly in low- and middle-income countries.
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Overall, there is current evidence that GLP-1 receptor agonists
are safe, though there is a lack of long-term evidence for the use
of these agents in non-diabetic populations and in those with
neurodegenerative disorders. The question of how long treatment
should last, the maintenance of weight loss after drug withdrawal,
the reason for differential drug effects in different patients and the
long-term consequences of long-term incretin receptor activation
also remain unanswered [33]. The knowledge gaps requiring
large-scale, long-term clinical trials and mechanistic studies are
intriguing.

Future Research Directions

Future studies should aim to use the contents of the gut
microbiome to improve the endogenous production of GLP-1 by
using dietary modifications, prebiotics, probiotics, or microbiota-
targeting therapeutics. New dual and triple incretin receptor
agonists are now being developed, which could provide an even
better metabolic effect because they might target more than
one hormonal pathway associated with energy balance [46].
Biomarker-guided therapy is another area of great promise as
circulating metabolites, inflammatory markers, genetic profiles
and microbiome signatures are used to predict treatment
response and to tailor therapeutic interventions to the individual.
The potential for precision metabolic medicine could further be
advanced by the incorporation of clinical, genomic, metabolomic
and imaging data, which is possible through advances in Artificial
Intelligence (AI) and machine learning, to determine the most
effective treatment plans for specific patients [47]. All these
innovations will enhance the clinical use of the gut-brain-GLP-1
axis and drive the translation of more personalized and effective
therapies for obesity, diabetes, and neurodegenerative diseases.

Conclusion

The gut-brain-GLP-1 axis has emerged as a central regulator
of metabolic and neurological homeostasis, extending far beyond
its traditional role in glucose regulation. GLP-1 has recently been
identified as a multifaceted neuro-metabolic hormone, which
acts as a regulator of endocrine, neural and immune signals
between the gut and the central nervous system, and which was
formerly known only as an incretin. The GLP-1 axis coordinates
L-cells, vagal
pathways, hypothalamic/brainstem circuits and gut microbiota in
the regulation of energy balance, appetite and neuronal function.
This new knowledge has dramatically changed the therapeutic
strategy of metabolic diseases and the potential role of incretin
biology in the broader physiological context.

communication between intestinal afferent

Experimental and clinical studies have shown that GLP-1 has
significant neuroprotective properties that are not dependent
on blood glucose control. The anti-inflammatory effects of GLP-1
receptor signaling, as well as the ability to reduce oxidative stress,
maintain mitochondrial function, and boost synaptic plasticity and
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hippocampal neurogenesis, hold great promise for the treatment
of neurodegenerative conditions, such as AD and PD. At the same
time, GLP-1 can exert several different complementary metabolic
effects which are beneficial for obesity, such as appetite reduction,
slowing of gastric emptying, modulation of hypothalamic satiety
pathways, increased energy expenditure, stimulation of fat
oxidation, and reduction of food reward and hedonic eating. These
integrated actions have led to unprecedented clinical success
using GLP-1 receptor agonists and next generation dual and triple
incretin receptor agonists with substantial and sustained weight
reduction and cardiometabolic benefits.

The therapeutic utility of GLP-1 mediated therapy is expanding
beyond diabetes, such as in obesity, metabolic syndrome,
cardiovascular disease, and neurodegenerative disorders. The
precision medicine strategies combining pharmacogenomics, gut
microbiome profiling, biomarker-based patient stratification and
Al to tailor the treatment to each patient individually are expected
to bring a further leap forward. Additionally, promising new multi-
receptor agonists and microbiome-targeted therapies could have
additional therapeutic benefits by targeting multiple pathways
associated with neuro-metabolic regulation. The intertwining
gut-brain-GLP-1 axis will require continued interdisciplinary
research to fully understand the complex mechanisms of this axis.
In conclusion, the study reveals the intricate connection between
the various pathways and their collective impact on obesity,
diabetes, and neurodegenerative diseases, paving the way for
a new era of precision neuro-metabolic medicine that promises
better clinical outcomes and more personalized patient care.
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