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The  Hypothalamus   and   Hippocampus   are   Targets  for   New
Drugs   Controlling   the  Energy  Balance   and  Treating   Type 2
Diabetes   Mellitus,   Obesity,   and   Neurodegenerative   Diseases

  
El   Hipotalamo   y   el   Hipocampo   son   Blancos   de   Nuevos   Fármacos   que   Controlan   el   Equilibrio
Energético   y   Tratan   la   Diabetes   Mellitus   Tipo  2,   la   Obesidad   y   las   Enfermedades   Neurodegenerativas
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SUMMARY:  GLP-1 is an incretin secreted by intestinal cells and neurons in the brainstem, controlling glucose levels and food
intake (appetite and satiety). Glucagon-like peptide type 1 receptor agonists (GLP-1RAs), as monotherapy or combined with other
molecules, are indicated to treat type 2 diabetes mellitus (T2DM) and obesity because they act on the pancreatic beta-cell and insulin
production and cause weight loss. However, the central action and neural pathways through which GLP-1Ras act must be better understood.
Proopiomelanocortin (POMC) and neuropeptide Y (NPY) are critical neuropeptides intrinsically involved in the signaling pathway
regulating appetite and satiety through GLP-1 and its agonists. Notably, the focus on combating obesity could be blocking the stimulation
of orexigenic pathways and inhibiting anorexigenic pathways. Therefore, due to the high complexity of the neural circuits involved in
appetite and satiety signaling and the multiple GLP-1RAs actions, more research still needs to be performed to elucidate these mechanisms.
In addition, T2DM and obesity are associated with neuroinflammation and microglial activation, leading to a favorable environment for
the development of neurodegenerative diseases, such as Alzheimer's disease and Parkinson's disease. In this case, the Hippocampus is
the privileged target. In this text, we will review the main points related to the hypothalamic and hippocampal location and the activation
pathways of POMC and NPY neurons that are targets of GLP-1RAs and have demonstrated an effective pharmacological treatment that
has changed the perspective of the evolution of T2DM and obesity.
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1. INTRODUCTION

Obesity has become a significant public health
challenge, primarily associated with comorbidities such as
type 2 diabetes mellitus (T2DM) and systemic arterial
hypertension. Obesity's etiology involves multiple factors,
but usually, the consumption of a diet high in fats and sugars
(Spezani et al., 2020). The imbalance between energy intake
and expenditure leads to energy accumulation in the
subcutaneous and visceral fat, which is highly inflammatory
(Boutari et al., 2023) (Fig. 1).

Visceral fat accumulation strongly correlates with

of developing neurodegenerative diseases with
hippocampal involvement (Garcia-Serrano et al., 2022;
Jangra & Tople, 2022).

There are currently numerous possibilities for the
treatment of obesity and its comorbidities:

1.1. Enteropancreatic hormones

a) Incretins

− Glucagon-like peptide type 1 (GLP-1) receptor agonists.
- Glucose-dependent insulinotropic polypeptide (GIP)

receptor agonists.

b) Non-incretins

- Glucagon receptor agonists
- Amylin receptor agonists
- Polypeptide YY (PYY) receptor agonists

1.2. Non-enteropancreatic hormones

- Bimagrumab (myostatin blocker, a substance that inhibits
the formation of muscle cells)

a higher incidence of T2DM and increases the prevalence
of fatty liver disease and the risk of cardiovascular
outcomes (Cariou et al., 2021). Besides, obese people show
raised production of pro-inflammatory cytokines such as
tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta
(IL-1B), contributing to insulin resistance and its
consequences (Aguila et al., 2010; Rohm et al., 2022). In
addition, cytokines target the central nervous system
(CNS), resulting in neuroinflammation, microglia
activation, hypothalamic dysfunction, and enhanced risk

Fig. 1. Energy balance. Regular physical activity and reduced calorie
intake result in a negative energy balance, leading to weight loss;
otherwise, it is weight gain.

- Growth differentiating factor 15 (GDF15) receptor
agonists (a cell stress-responsive cytokine member
of the transforming growth factor-beta
superfamily)

- Fibroblast Growth Factor 21 (FGF-21) receptor
agonists (are potent metabolic regulators crucial
in mediating the metabolic responses to fasting or
starvation. It regulates fatty acid oxidation and
ketogenesis and acts on glucose metabolism in
white adipose tissue)

GLP-1 is mainly produced by the gut L-cells,
especially in the ileum and colon, after food intake,
but also secreted by the pancreas and certain areas
of the brain, like the brainstem nucleus tractus
solitarius (NTS) and hypothalamus (Singh et al.,
2022b). GLP-1 has hypoglycemic action, stimulating
insulin release, reducing glucagon secretion, and
delaying gastric emptying (Nauck et al., 2021).
Therefore, GLP-1 receptor agonists (GLP-1RAs)

have been developed and are currently used for treating
T2DM and obesity, resulting in weight loss (He et al., 2019).

GLP-1RA affects neuropeptide regulation involved
in controlling food intake, such as proopiomelanocortin
(POMC)/cocaine- and amphetamine-regulated transcript
(CART) and neuropeptide Y (NPY)/Agouti-related
neuropeptide (AgRP) (Abtahi et al., 2019) (Fig. 2).
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2. HYPOTHALAMUS and energy homeostasis

The hypothalamus is essential in
maintaining homeostasis by regulating
physiological functions such as appetite, thirst,
and temperature. Notably, the nuclei in the tuberal
and supraoptic regions, such as the arcuate (ARC)
and paraventricular (PVN), are directly involved
in regulating appetite and food intake (He et al.,
2019; Peterfi et al., 2021).

Complex systems in the body control the
balance between appetite and satiety centrally
through the signaling of neuropeptides and
peripherally through the release of hormones and
cytokines (such as GLP-1) that act as signals
for food intake and energy storage in the form
of fat. Peripheral signals reach the NTS via the
vagus nerve, then the hypothalamus, where
neuropeptide synthesis is regulated (Shan et al.,
2019). In the ARC are the subpopulations of
anorexigenic neurons that express the POMC/
CART and the orexigenic neurons that express
NPY/AgRP (Fig. 3).

Specific molecules such as GLP-1,
ghrelin, leptin, and insulin stimulate the
synthesis of POMC/CART and NPY/AgRP.
GLP-1 inhibits the signaling of NPY/AgRP,
suppresses appetite, stimulates POMC/CART,
and promotes appetite (Abtahi et al., 2019; Singh
et al., 2022b). Thus, the regulation of eating

Fig. 2. Pathways and neuropeptides related
to anabolism and catabolism in the
hypothalamus (circle). Peptides such as
leptin and insulin act as regulators of energy
metabolism, signaling to the hypothalamus
about energy stores and triggering anorectic
pathways. Stimulation of POMC/CART
neurons results in catabolic pathways
activation, leading to lower energy intake
and more significant energy expenditure.
Stimulation of NPY/AgRP neurons leads to
activation of anabolic pathways and fat
storage.

Fig. 3. POMC and NPY neurons were immunolabeled in the ARC. Representative
images with low and high magnification. The activation of neurons expressing
POMC and NPY neuropeptides was seen through immunofluorescence and
confocal laser scanning microscopy (images provided by Spezani & Mandarim-
de-Lacerda).

behavior coincides through the CNS and the gastrointestinal tract via
the gut-brain axis, with the involvement of neuropeptides, hormones,
and cytokines (Shobatake et al., 2019).
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2.1. Proopiomelanocortin (POMC)

POMC is a protein that participates in various
physiological processes, such as inflammation and stress
response. Each specific tissue undergoes the action of
proprotein convertases (PC), such as PC1/3, generating
three different products. The hormone ACTH is one of the
results of this proteolytic cleavage. Subsequently, it
undergoes the action of PC2, resulting in the alpha-
melanocyte-stimulating hormone (α-MSH) and the
corticotropin-like intermediate peptide (CLIP) (Low et al.,
2020) (Fig. 4).

Melanocortins (α-, β-, and γ-MSH) contain the
amino acid sequence HFRW, which allows for greater
specificity in binding to melanocortin receptors (MCR)
(Low et al., 2020). In the hypothalamus and brainstem,
neurons coexpress PC1/3 and PC2 and use melanocortins
as neuromodulators of food intake and energy metabolism
through binding to MC3R and MC4R (Low et al., 2020).
The MC4R plays a critical role in anorexigenic signaling,
as the absence of this receptor in neurons leads to weight
gain (Peterfi et al., 2021).

Evidence suggests the existence of POMC neuron
subpopulations, as some of these neurons express
GABAergic markers while others express glutamatergic
markers (Biglari et al., 2021). Furthermore, specific POMC
neurons have their activity stimulated by GLP-1. In
contrast, others are stimulated by leptin, possibly due to
the existence of POMC subtypes that express leptin
receptors (LepR) and others that express GLP-1 receptors
(GLP-1R) (Lee et al., 2023). In addition, there is a
divergence regarding the anatomical distribution in the
ARC of POMC subtypes and their respective anorexigenic
signals (Biglari et al., 2021).

Some POMC neurons are also found in the NTS,
playing a role in energy homeostasis, as the NTS is a
receptor center for various afferent signals. However,
despite playing a role in metabolism, this population is
less studied due to its smaller quantity and difficulty in
visualization with histochemical techniques. POMC
neurons, just like those located in the ARC, are responsive
to leptin, as the administration of peripheral leptin
increases the immunolabeling of Fos protein, a

Fig. 4. Cleavage of POMC and its substrates. Various biologically active
peptides, such as ACTH and a-MSH, are derived from the cleavage of
POMC. The product of POMC cleavage directly depends on the tissue-
specific proprotein convertase (PC). PC1/3 acts by generating ACTH,
B-LPH, and pro-y-MSH. PC2 originates a-MSH and CLIP from ACTH,
B-endorphin, y-LPH, B-MSH from B-LPH, and y2-MSH and y3-MSH
from pro-y-MSH.

transcription factor used as a marker of cellular
activation (the detection of the Fos protein, a product
of the cfos gene, within neurons is a standard
procedure used in research to identify neurons and
circuits within the brain that are active during certain
situations, assuming that Fos expression is positively
related to neuronal depolarization) (Georgescu et al.,
2020).

One of the most essential neural systems
involved in controlling food intake and maintaining
body weight is the central melanocortin system
(CMS). This system plays a vital role in regulating
homeostasis, involving the participation of neurons
that express melanocortin ligands and neurons that
express melanocortin receptors (MCR).
Melanocortin receptors exhibit significant diversity,
with MC3R and MC4R being the most
predominantly expressed in the brain and MC4R
playing a crucial role in regulating energy
homeostasis (Yang & Xu, 2020). This CMS signaling
begins with the release of α-MSH, derived from the
cleavage of POMC in neurons in the arcuate nucleus
(first-order neurons), and the activation of
melanocortin-4 receptors (MC4R) located in the
neurons of the paraventricular nucleus (second-order
neurons) (Sun et al., 2021) (Fig. 5). The activation
of MC4R by α-MSH promotes appetite inhibition.
In contrast, AgRP, released by AgRP neurons,
stimulates food intake by activating MC4R, acting
as an inverse agonist (Biglari et al., 2021).
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2.2. Neuropeptide Y

NPY is a neuropeptide expressed in neurons located
in the ARC. It has an orexigenic function, activating energy
metabolism by promoting more substantial food intake and
less energy expenditure by binding its active form to
hypothalamic Y1 receptors (Y1R). Besides, it stimulates
the synthesis of fatty acids and fat deposition as an energy
reserve, accumulating body fat and weight gain (Georgescu
et al., 2020).

AgRP is another orexigenic peptide co-secreted with
NPY and primarily increases food intake and decreases
energy expenditure. The main signals for activating NPY/
AgRP neurons are low blood sugar and the action of
ghrelin. Insulin and leptin inhibit NPY/AgRP expression.
The deletion of NPY in mice inhibits food intake (Rakhat
et al., 2022).

Just like POMC, there are subpopulations of NPY
that either express or do not express leptin receptors. Besides,
NPY neurons also express AgRP in 80 % of the cases.
Therefore, around 20 % of NPY neurons do not express
AgRP (Lee et al., 2023).

3. HIPPOCAMPUS and memory

The Hippocampus is a significant brain structure
involved in memory formation, spatial navigation, and
learning. The main parts of the Hippocampus are (Fig. 6):

3.1. Dentate Gyrus (DG)

It is involved in the formation of new
memories and the processing of spatial
information. It receives input from the
entorhinal cortex and projects to the
CA3 region of the Hippocampus
(Coelho et al., 2024; Huang et al.,
2024).

3.2. Cornu Ammonis (CA) Regions

The Hippocampus is divided
into several layers, such as CA1, CA2,
CA3, and CA4. CA1 is responsible for
consolidating and retrieving
memories. It receives processed
information from the CA3 and is a
significant output region of the
Hippocampus. CA2 is a less
understood region but is thought to
play a role in social memory (Oliva et
al., 2016). CA3 is significant for
pattern completion and the retrieval of

Fig. 5. Activation of POMC neurons and release of a-MSH. PC1/3 and PC2 carry out
the cleavage of POMC into α-MSH by stimulating molecules such as GLP-1 and
leptin, which promote an increase in intracellular calcium and the firing of the neuron's
action potential. The axonal extensions of POMC neurons then release α-MSH in
second-order neurons located in the paraventricular nucleus, which binds to
melanocortin-4 receptors, promoting appetite inhibition and increased energy
expenditure.

stored memories. It receives inputs from the dentate gyrus
and has a network of recurrent connections, making it
essential for forming associative memories. CA4 is known
as the hilus, near the dentate gyrus. It is involved in the
transfer of information within the hippocampal circuit
(Mercer & Thomson, 2017).

3.3. Subiculum

It is the primary output region of the Hippocampus.
It connects to other brain parts, including the cortex and
hypothalamus (Viellard et al., 2024). It involves spatial
navigation, memory processing, and stress response (Baset
& Huang, 2024).

3.4. Entorhinal Cortex

The entorhinal cortex does not anatomically
participate in the Hippocampus proper. However, it is
crucial for the hippocampal function (Nguyen et al., 2024).
It is a significant input and output hub, sending sensory
information to the Hippocampus and receiving processed
information in return. The entorhinal cortex stands out as
a critical brain region affected in the early phases of
Alzheimer's disease, with some of the disease's
pathological processes originating from this area, making
it one of the most decisive brain regions in this
neurodegenerative disease (Karimani et al., 2024).
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4. NEURODEGENERATIVE DISEASES

The increase in inflammatory processes and insulin
resistance in the central nervous system resulting from
metabolic disorders such as obesity and diabetes is already
correlated with neurodegenerative diseases such as
Alzheimer's disease and Parkinson's disease. There is a
strong association between T2DM and Alzheimer's disease,
which can be considered type 3 diabetes (Bharadwaj et
al., 2017; Arnold et al., 2018; Amidfar et al., 2024). In
these cases, there is an increase in the phosphorylation of
the Tau protein (a microtubule-associated protein
predominantly expressed in the neurons), a characteristic
event of Alzheimer's disease (Di Lorenzo, 2024; Lantero-
Rodriguez et al., 2024).

Microglia are specialized in phagocytosis in areas
of neural injury or inflammation (Vianna et al., 2017;
Thakkar et al., 2018; Hall et al., 2022) and play a crucial
role in combating metabolic changes associated with
obesity (Lin et al., 2023). They are reactive in response to
pro-inflammatory factors such as those induced by a high-
fat diet and the consequent reduction of functions in the
hypothalamus (Dalvi et al., 2017).

The non-dopaminergic lesions in motor circuits are
likely to contribute to the pathogenesis of Parkinson's
disease (Halliday et al., 2005). Molecular mechanisms

underlying the neuroprotective effects of GLP-1RAs in
the laboratory and their potential therapeutic utility have
particular relevance to Parkinson's disease and Parkinson's
disease dementia (Athauda & Foltynie, 2016). Additionally,
experimental Alzheimer's disease models demonstrate the
loss of function of NPY/AgRP neurons and decreased
responsiveness to appetite and appetite-related hormones,
such as leptin, insulin, and ghrelin. Despite this, there is
still a lack of studies in the literature demonstrating the
supposed correlation between the higher incidence of
Alzheimer's disease and the plasma concentrations of these
hormones (Lopez-Gambero et al., 2022).

The deposition of beta-amyloid plaques in the CNS
is also characteristic of Alzheimer's disease. However, the
hypothalamus does not seem to be affected, with the
Hippocampus being a more suitable location for depositing
these plaques, leading to the activation of microglia and
astrocytes and consequent hippocampal inflammation. The
activation of hippocampal astrocytes directly interferes
with the activity of hypothalamic neurons, as a negative
correlation was observed between the expression of glial
fibrillary acidic protein (GFAP), a protein indicative of
astrocyte activation, and the expression of hypothalamic
neuropeptides (Lopez-Gambero et al., 2021; Lopez-
Gambero et al., 2022).

Figure 6. Schematic
hippocampus drawing. The
Hippocampus is located in the
medial portion of the temporal
lobe and can be divided into
the cornu Ammonis
(hippocampus proper) layers
CA1, CA2, CA3, CA4, the
Subiculum, and the Dentate
gyrus. Additional structures,
such as the Entorhinal cortex,
also actively contribute to
hippocampal functions. The
Hippocampus is central to
memory formation, learning,
and spatial information.
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5. GLUCAGON-LIKE PEPTIDE TYPE 1

5.1 Glycemic control and neuroprotective effects

GLP-1 is a peptide derived from the cleavage of
proglucagon and secreted by L cells in the intestine in
response to nutrient stimulation after a meal (Sun et al.,
2021), mainly after consuming foods rich in carbohydrates
and fats (Singh et al., 2022b), and by a subpopulation of
neurons in the NTS, located in the brainstem, where it acts
as a neurotransmitter (Peterfi et al., 2021; Singh et al.,
2022b). The function of glycemic control occurs through
the incretin effect, stimulating insulin secretion in
pancreatic beta cells to manage postprandial blood glucose
levels (Chivite et al., 2021).

The action of GLP-1 occurs through its binding to
G protein-coupled receptors, specifically GLP-1R, which
are widely distributed across different cell types, such as
pancreatic beta cells, cardiomyocytes, neurons, and in the
vagus nerve (Abtahi et al., 2019; Singh et al., 2022b). After
its release, GLP-1 is quickly inactivated by the action of
the enzyme dipeptidyl peptidase-IV (DPP-IV), resulting
in a half-life of approximately 1 to 2 minutes (Chivite et
al., 2021; Hansen et al., 2021). Therefore, it is believed
that endogenous GLP-1 primarily acts in a paracrine
manner on the GLP-1R present in the celiac and gastric
branches of the vagus nerve that innervates the intestine.
The GLP-1R activation reduces food intake through
glutamatergic signaling via the vagal-NTS, stimulating
anorexigenic pathways (Shan et al., 2019).

The mouse's hypothalamus is the brain region with
the highest density of GLP-1R, especially in the PVN and
ARC, involved in the signaling pathways of appetite and
satiety that receive axonal projections from GLP-1-
producing neurons located in the NTS (Singh et al., 2022b)
(Fig. 7). The GLP-1 intracerebroventricular administration
increases intracellular calcium concentration in POMC
neurons in the ARC, activating anorexigenic pathways
through the enhanced activity of these neurons (Yermek
et al., 2022).

Endogenous GLP-1 and its agonists are small
molecules that can cross the blood-brain barrier (BBB),
acting directly on the CNS through its connection with the
GLP-1R. The BBB consists of glial cells, such as
astrocytes, microglia, and some neurons. Therefore,
activating glial cells during inflammation might affect BBB
integrity. On the other hand, GLP-1 might mitigate
microglial activation, contributing to the BBB integrity,
reducing neuroinflammation, and maintaining tissue
homeostasis (Shan et al., 2019). In a model of T2DM and
obesity, Semaglutide mitigated the expression of genes
related to neuroinflammation and microglial activation,
such as MCP-1, TLR-4, IBA1, and CD68. Besides,
Semaglutide also diminished gene expressions related to
inflammasome complex activation, responsible for
triggering inflammatory processes, such as the NLRP3,
Caspase-1, IL-1B, and IL-18, thereby reducing
neuroinflammation (Marinho et al., 2024).

Fig. 7. Peripheral and central
GLP-1 signaling. Peripherally
secreted GLP-1 acts directly
on the NTS and indirectly
activates hypothalamic
neurons, modulating circuits
that regulate energetic balance.
At the same time, GLP-1 can
diffuse across the BBB and
directly activate hypothalamic
neurons. Reaching the ARC,
GLP-1 stimulates POMC
neurons and inhibits the
activity of NPY/AgRP
neurons. In the PVN, the
product of POMC cleavage, a-
MSH, binds to MC4R. The
activation of these receptors
leads to decreased food intake
and increased energy
expenditure.

FABIANO, M. M.;  AGUILA, B. M. & MANDARIM-DE-LACERDA, C. A. The hypothalamus and hippocampus are targets for new drugs controlling the energy balance and treating type 2
diabetes mellitus, obesity, and neurodegenerative diseases. Int. J. Morphol.,  43(1):182-193, 2025.



189

5.2. GLP-1 receptor agonists

For effective therapeutic use of this peptide, GLP-
1RAs have been developed (Table 1), which are resistant to
the DPP-4 enzyme action, extending the GLP-1 effect in
metabolism (Abtahi et al., 2019; He et al., 2019; Sun et al.,
2021).

Exenatide was the first GLP-1RA developed from
the study of the insulinotropic potential of exendin-4, a
peptide found in the venom of the Gila monster (Heloderma
suspectum), a species of venomous lizard (Furman, 2012).
In 1993, GLP-1R cloned from human pancreatic islets
showed that exendin-4 has a high affinity for these receptors,
with approximately 53 % similarity to the GLP-1 molecule.
Its binding to GLP-1R elevates intracellular levels of cAMP
and stimulates insulin secretion (Thorens et al., 1993). Thus,
a synthetic exendin-4 molecule Exenatide was developed to
treat T2DM in 2005, administered subcutaneously twice
daily (Kolterman et al., 2005; Furman, 2012).

Subsequently, other GLP-1RAs, such as Liraglutide,
were developed to be administered daily via subcutaneous
injection. Compared to Exenatide, Liraglutide shows 97 %
similarity with endogenous GLP-1 and superior effects, with
more significant reductions in hemoglobin A1c, fasting
glucose, triglycerides, and free fatty acids (Ladenheim,
2015).

Liraglutide enhanced leptin sensitivity and
diminished the microgliosis with a decreased Bax/Bcl2 ratio.
Besides, Liraglutide activates central anorexigenic pathways,
thereby diminishing the energy intake of obese mice and
improving the metabolic parameters related to obesity.

Liraglutide is a relevant neuroprotective agent that can
decrease microgliosis and stimulate the anti-apoptotic
pathway, significantly treating obesity and its comorbidities.
Some benefits of liraglutide are independent of the weight
loss, which usually accompanies the drug administration
(Vianna et al., 2016).

Furthermore, palmitate intracerebroventricular
infusion resulted in pronounced inflammation response in
the Hippocampus, reactive microgliosis, and astrogliosis,
with hypertrophied IBA1 immunoreactive microglia (Ionized
calcium-binding adaptor molecule 1), also called allograft
inflammatory factor 1 (AIF 1), is a well-established marker
for microglia/macrophages), increased microglial density
with ameboid shape, decreased number of branches and
junctions and increased the major histocompatibility
complex (MHC) II expression (Norden et al., 2016). Also,
we observed an elevation in the pro-inflammatory cytokine
levels TNF-α and IL6 in the Hippocampus of ICV palmitate-
infused mice. Liraglutide induced the neuroprotective
microglial phenotype, characterized by an increased
microglia complexity (enlarged Feret's diameter, a measure
of an object's size along a specified direction -- in general, it
can be defined as the distance between the two parallel planes
restricting the object perpendicular to that direction).
Liraglutide also improved the number of cell junctions and
processes and lower circularity, accompanied by a significant
reduction in TNF-α and IL6 expressions. The study
suggested that liraglutide is a suitable treatment against
palmitate-induced neuroinflammation, which is
characterized by reactive microgliosis and astrogliosis, as
well as increased pro-inflammatory cytokines, which has
been described as one of the primary causes of several
pathologies of the CNS (Vianna et al., 2017).

Drug Class Structure Status
(approved for)

References

Albiglutide GLP-1RA GLP-1 T2DM (2014) (Davis et al., 2015)

Cotadutide Dual agonist GLP-1/
Glucagon

In development
(fatty liver?)

(Spezani et al., 2022)

Dulaglutide GLP-1RA GLP-1 T2DM (2014) (Thompson et al., 2016)

Exenatide GLP-1RA GLP-1 T2DM (2005) (Kolterman et al., 2005)

Liraglutide GLP-1RA GLP-1 T2DM (2009), Obesity (2014) (Damholt et al., 2006; Pi-Sunyer
et al., 2015)

Retatrutide Triple agonist GLP-1/GIP/
Glucagon

In development (Dissanayake et al., 2024)

Semaglutide GLP-1RA GLP-1 T2DM (2017), Obesity (2021) (Singh et al., 2022a)

Tirzepatide Dual agonist GLP-1/GIP T2DM (2023), Obesity (2023) (Dissanayake et al., 2024)

Table 1. Current scenario of the GLP-1 receptor agonists.
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Dulaglutide is another GLP-1RA with 90 %
similarity to endogenous GLP-1 and a superior effect to
Exenatide, similar to Liraglutide (Thompson & Trujillo,
2016). Furthermore, Albiglutide, like Dulaglutide, another
GLP-1RA approved for treating T2DM in 2014, is
administered once a week, offering an advantage over
previous GLP-1RAs (Davis et al., 2015; Thompson &
Trujillo, 2016). About six years after the approval of the
first GLP-1RA for treating obesity, in 2021, Semaglutide
became the second agonist approved for weight
maintenance (Davies et al., 2021; Singh et al., 2022a).

Combinations of the GLP-1 with other peptides
were developed to enhance the management of these
comorbidities, such as glucagon (GLP-1/Glucagon,
Cotadutide) (Spezani & Mandarim-de-Lacerda, 2022) and
GIP (glucose-dependent insulinotropic polypeptide, GIP/
GLP-1, Tirzepatide) (Reis-Barbosa et al., 2024a; Reis-
Barbosa et al., 2024b). Tirzepatide was approved in 2023
for treating T2DM and obesity, but Cotadutide remains in
the study (Dissanayake & Somasundaram, 2024).
Currently, triple agonism (GLP-1/GIP/Glucagon) is being
developed (Retatrutide, Lilly Corporate Center,
Indianapolis, IN, USA) (Harris, 2023; Sanyal et al., 2024).

In obesity, decreasing GLP-1RA in POMC neurons
reduces satiety signals and weight gain by diminishing the
action potentials in the neurons (Martine et al., 2023). GLP-
1RAs act directly on POMC/CART (cocaine- and
amphetamine-regulated transcript) and NPY/AgRP
neurons and alter action potential frequencies, thereby
inhibiting or stimulating the expression of these
neuropeptides (Joly-Amado et al., 2014). The incubation
of POMC/CART neurons with Liraglutide seems to
stimulate excitatory synapses, while the incubation of NPY/
AgRP stimulates inhibitory synapses (Dong et al., 2021).

A central component for the action of these agonists
is the receptor TrpC5, which increases intracellular calcium
and, consequently, releases neurotransmitters (He et al.,
2019). POMC neurons with LepR that did not express
TrpC5 fail to alter the resting membrane potential in
response to Liraglutide, resulting in the absence of
depolarization (Smith et al., 2019). POMC and NPY
neurons seem to rely on TrpC5 to be influenced by GLP-
1Ras. In addition, NPY also depends on ATP-sensitive
potassium channels (KATP channels) (Dong et al., 2021)
(Fig. 5).

The inhibition of GABAA receptors prevents the
action of GLP-1RAs on NPY/AgRP neurons, suggesting
that such agonists indirectly decrease the expression of
NPY/AgRP by exciting presynaptic GABAergic neurons

(Biglari et al., 2021). In POMC/CART neurons, GLP-1RAs
appear to act directly and indirectly, as both the inhibition
of GABAergic signaling and glutamatergic signaling did
not prevent the action of these agonists (Chivite et al.,
2021). Furthermore, increased c-Fos protein expression is
also essential for neural activity activation (Abtahi et al.,
2019). In mice, the cerebroventricular administration of
Exendin-4 (Ex-4) increases the c-Fos expression in ARC
and PVN neurons (Abtahi et al., 2019).

6. FINAL REMARKS

There is a high complexity in the neural circuits
involved in appetite regulation, highlighting the interaction
between peripheral and central signals mediated by
neuropeptides and hormones. The role of GLP-1 on the
GLP-1 receptors is essential in regulating eating behavior
in the hypothalamus' ARC and PVN. Therefore, the
anorexigenic and orexigenic pathways are modulated via
POMC/CART and NPY/AgRP, respectively. Furthermore,
GLP-1RAs, such as Liraglutide, Dulaglutide, or
Semaglutide, strongly affect these pathways, reinforcing
their therapeutic potential. However, the interaction
between GLP-1 and other peptides, such as ghrelin, GIP,
and leptin, highlights the complexity of regulating eating
behavior.

The link between metabolic dysfunctions and
neurodegenerative diseases, parallel to pursuing new
therapeutic strategies to regulate food intake, stimulates a
deeper understanding of the mechanisms involved. The
new drugs in development usually combine GLP-1 with
other peptides, such as GIP and glucagon. It is expected
that this movement will continue, and more effective drugs,
which can be administered for longer periods, are more
affordable, and have fewer side effects, will become
available.
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RESUMEN:  El GLP-1 es una incretina secretada por
las células intestinales y las neuronas del tronco encefálico,
que controla los niveles de glucosa y la ingesta de alimentos
(apetito y saciedad). Los agonistas del receptor de péptidos
similares al glucagón tipo 1 (GLP-1RAs), como monoterapia
o combinados con otras moléculas, están indicados para tratar
la diabetes mellitus tipo 2 (T2DM) y la obesidad porque actúan
sobre la célula beta pancreática y la producción de insulina y
provocan pérdida de peso. Sin embargo, la acción central y
las vías neuronales a través de las cuales actúan los GLP-1Ras
deben comprenderse mejor. La proopiomelanocortina (POMC)
y el neuropéptido Y (NPY) son neuropéptidos críticos que
participan intrínsecamente en la vía de señalización que regula
el apetito y la saciedad a través del GLP-1 y sus agonistas. En
particular, el enfoque para combatir la obesidad podría ser
bloquear la estimulación de las vías orexigénicas e inhibir las
vías anorexigénicas. Por tanto, debido a la alta complejidad
de los circuitos neuronales implicados en la señalización del
apetito y la saciedad y a las múltiples acciones de los GLP-
1RAs, aún es necesario realizar más investigaciones para
dilucidar estos mecanismos. Además, la DM2 y la obesidad
se asocian a la neuroinflamación y la activación de la microglia,
lo que genera un entorno favorable para el desarrollo de
enfermedades neurodegenerativas, como la enfermedad de
Alzheimer y la enfermedad de Parkinson. En este caso, el
hipocampo es la diana privilegiada. En este texto, revisamos
los principales puntos relacionados con la localización
hipotalámica e hipocampal y las vías de activación de las
neuronas POMC y NPY que son dianas de los GLP-1RAs y
han demostrado un tratamiento farmacológico eficaz que ha
cambiado la perspectiva de la evolución de la DM2 y la
obesidad.

PALABRAS CLAVE: Hipotálamo; Hipocampo;
Neuronas POMC; Neuronas NPY;  GLP-1.
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