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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 Farmacos 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 bitsutall and
production and cause weight loss. However, the central action and neural pathways through which GLP-1Ras act must bestmdter und
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 bltokitatite s
of orexigenic pathways and inhibiting anorexigenic pathways. Therefore, due to the high complexity of the neural cirgeitsitnvol
appetite and satiety signaling and the multiple GLP-1RAs actions, more research still needs to be performed to elunidatethissss.

In addition, T2DM and obesity are associated with neuroinflammation and microglial activation, leading to a favorable ett¥eonme

the development of neurodegenerative diseases, such as Alzheimer's disease and Parkinson's disease. In this case, tigislippocamp
the privileged target. In this text, we will review the main points related to the hypothalamic and hippocampal locatioactingtibn

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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LepR, Leptin receptor; of developing neurodegenerative diseases with
MCP-1, Monocyte chemoattractant protein-1; hippocampal involvement (Garcia-Serragibal., 2022;
MCR, Melanocortin receptor; Jangra & Tople, 2022).

MHC, Major histocompatibility complex;
NLRP3, NLR family pyrin domain containing 3;
NPY, Neuropeptide Y;

NTS, Nucleus tractus solitarius;

PC, Proprotein convertases;

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

POMC, Proopiomelanocortin; 1.1. Enteropancreatic hormones

PVN, Paraventricular nucleus;

PYY, Polypeptide YY; a) Incretins

T2DM, Type 2 diabetes mellitus;

TLR-4, Toll-like receptor-4; - Glucagon-like peptide type 1 (GLP-1) receptor agonists.

TNF-a, Tumor necrosis factor-alpha;

TrpC5, Transient receptor potential canonical 5;
ULK1, Unc-51 like autophagy activating kinase 1;
VMH, Ventromedial nucleus; ) .
Y1R, Neuropeptide Y receptor typel. b) Non-incretins

- Glucose-dependent insulinotropic polypeptide (GIP)
receptor agonists.

1. INTRODUCTION - Glucagon receptor agonists
- Amylin receptor agonists

Obesity has become a significant public health Polypeptide YY (PYY) receptor agonists
challenge, primarily associated with comorbidities such as
type 2 diabetes mellitus (T2DM) and systemic arteria}-2. Non-enteropancreatic hormones
hypertension. Obesity's etiology involves multiple factors,
but usually, the consumption of a diet high in fats and sugarBimagrumab (myostatin blocker, a substance that inhibits
(Spezanét al, 2020). The imbalance between energy intakethe formation of muscle cells)

and expenditure leads to energy accumulation in the - Growth differentiating factor 15 (GDF15) receptor
subcutaneous and visceral fat, which is highly inflammatory agonists (a cell stress-responsive cytokine member
(Boutariet al, 2023) (Fig. 1). of the transforming growth factor-beta
Visceral fat accumulation strongly correlates with superfamily)
BALANGE - 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)

A

Positive energy balance Negative energy balance

1 Energy intake Vv Physical activity ¥ Energy intake 1 Physical activity

GLP-1 is mainly produced by the gut L-cells,
WEIGHT GAIN WEIGHT LOSS especially in the ileum and colon, after food intake,

) . o . but also secreted by the pancreas and certain areas
Fig. 1. Energy balance. Regular physical activity and reduced calorlebu ] . .
g 9y d Py vy of the brain, like the brainstemucleus tractus

intake result in a negative energy balance, leading to weight loss,”" '~ ;
otherwise, it is weight gain. solitarius (NTS) and hypothalamus (Singt al,
2022b). GLP-1 has hypoglycemic action, stimulating

] o ] insulin release, reducing glucagon secretion, and
a higher incidence of T2DM and increases the prevalence delaying gastric emptying (Nauak al, 2021).
of fatty liver disease and the risk of cardiovascular Therefore, GLP-1 receptor agonists (GLP-1RAs)
outcomes (Carioat al, 2021). Besides, obese people showave been developed and are currently used for treating
raised production of pro-inflammatory cytokines such a@2DM and obesity, resulting in weight loss (eteal, 2019).
tumor necrosis factor-alpha (TNB-and interleukin-1 beta
(IL-1B), contributing to insulin resistance and its GLP-1RA affects neuropeptide regulation involved
consequences (Aguitt al, 2010; Rohnet al, 2022). In  in controlling food intake, such as proopiomelanocortin
addition, cytokines target the central nervous systefROMC)/cocaine- and amphetamine-regulated transcript
(CNS), resulting in neuroinflammation, microglia(CART) and neuropeptide Y (NPY)/Agouti-related
activation, hypothalamic dysfunction, and enhanced risieuropeptide (AgRP) (Abtakt al, 2019) (Fig. 2).
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Anabolism
NPY/AgRP = <
Catabolism S
POMC/CART
v ¢ @ Adipose Fig. 2. Pathways and neuropeptides related
D @ v v Q Signals to anabolism and catabolism in the
Eobhitake - F hyp.othala.mus'(circle). Peptides such as
Energy leptin and insulin act as regulators of energy
expenditure + metabolism, signaling to the hypothalamus
Insulin _ Leptin about energy stores and triggering anorectic
L N A pathways. Stimulation of POMC/CART
0 6 neurons results in catabolic pathways
\Y ¢ N> activation, leading to lower energy intake
= , WA and more significant energy expenditure.
Y - + <\ [ Stimulation of NPY/AgRP neurons leads to
Energy balance 2 N ) activation of anabolic pathways and fat
- - S \@ 4 storage.

A

Adipose tissue
(energy stores)

2. HYPOTHALAMUS and energy homeostasis behavior coincides through the CNS and the gastrointestinal tract via

the gut-brain axis, with the involvement of neuropeptides, hormones,
The hypothalamus is essential inand cytokines (Shobataktal, 2019).

maintaining homeostasis by regulating :

physiological functions such as appetite, thirs [ @]4[®

and temperature. Notably, the nuclei in the tuber s

and supraoptic regions, such as the arcuate (AR

and paraventricular (PVN), are directly involver

in regulating appetite and food intake (kteal,

2019; Peterfet al, 2021).

Complex systems in the body control th |
balance between appetite and satiety centra
through the signaling of neuropeptides an
peripherally through the release of hormones a [aiul
cytokines (such as GLP-1) that act as signe
for food intake and energy storage in the fori}
of fat. Peripheral signals reach the NTS via tt |§ '
vagus nerve, then the hypothalamus, whe
neuropeptide synthesis is regulated (Sétaal,
2019). In the ARC are the subpopulations ¢
anorexigenic neurons that express the POM
CART and the orexigenic neurons that expre
NPY/AgRP (Fig. 3).

Specific molecules such as GLP-1
ghrelin, leptin, and insulin stimulate the

synthes_ls _Of_ POMC/_CAR_T and NPY/AgRP. Fig. 3. POMC and NPY neurons were immunolabeled in the ARC. Representative
GLP-1 inhibits th_e S|gnallng of NPY/AgRP, images with low and high magnification. The activation of neurons expressing

suppresses appetite, stimulates POMC/CARBoMC and NPY neuropeptides was seen through immunofluorescence and
and promotes appetite (Abtatial, 2019; Singh  confocal laser scanning microscopy (images provided by Spezani & Mandarim-
et al, 2022b). Thus, the regulation of eatingde-Lacerda).
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2.1. Proopiomelanocortin (POMC) Evidence suggests the existence of POMC neuron
subpopulations, as some of these neurons express

POMC is a protein that participates in varioussABAergic markers while others express glutamatergic
physiological processes, such as inflammation and stresarkers (Biglaret al, 2021). Furthermore, specific POMC
response. Each specific tissue undergoes the actionnefurons have their activity stimulated by GLP-1. In
proprotein convertases (PC), such as PC1/3, generatountrast, others are stimulated by leptin, possibly due to
three different products. The hormone ACTH is one of thtae existence of POMC subtypes that express leptin
results of this proteolytic cleavage. Subsequently, ieceptors (LepR) and others that express GLP-1 receptors
undergoes the action of PC2, resulting in the alphésLP-1R) (Leeet al, 2023). In addition, there is a
melanocyte-stimulating hormon&{MSH) and the divergence regarding the anatomical distribution in the
corticotropin-like intermediate peptide (CLIP) (Letval, ARC of POMC subtypes and their respective anorexigenic
2020) (Fig. 4). signals (Biglariet al, 2021).

Melanocortins @-, 3-, andy-MSH) contain the Some POMC neurons are also found in the NTS,
amino acid sequence HFRW, which allows for greatgilaying a role in energy homeostasis, as the NTS is a
specificity in binding to melanocortin receptors (MCRYeceptor center for various afferent signals. However,
(Low et al, 2020). In the hypothalamus and brainstengespite playing a role in metabolism, this population is
neurons coexpress PC1/3 and PC2 and use melanocortéss studied due to its smaller quantity and difficulty in
as neuromodulators of food intake and energy metabolisisualization with histochemical techniques. POMC
through binding to MC3R and MC4R (Lost al, 2020). neurons, just like those located in the ARC, are responsive
The MC4R plays a critical role in anorexigenic signalingio leptin, as the administration of peripheral leptin
as the absence of this receptor in neurons leads to weigitreases the immunolabeling of Fos protein, a
gain (Peterfiet al, 2021). 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) (Georgestal,
2020).

P ——— S ——

; B-endorphin

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 afMSH, derived from the
cleavage of POMC in neurons in the arcuate nucleus
(first-order neurons), and the activation of

PC1/3
melanocortin-4 receptors (MC4R) located in the

Fig. 4. Cleavage of POMC and its substrates. Various biologically active .
peptides, such as ACTH and a-MSH, are derived from the cleavage fygurons of the paraventrlcula_r nucleus (SeC(_)nd_-order
POMC. The product of POMC cleavage directly depends on the tissuB&Urons) (Surt al, 2021) (Fig. 5). The activation
specific proprotein convertase (PC). PC1/3 acts by generating ACTIf MC4R bya-MSH promotes appetite inhibition.
B-LPH, and pro-y-MSH. PC2 originates a-MSH and CLIP from ACTH,In contrast, AQRP, released by AgRP neurons,
B-endorphin, y-LPH, B-MSH from B-LPH, and y2-MSH and y3-MSH stimulates food intake by activating MC4R, acting

from pro-y-MSH. as an inverse agonist (Bigla al, 2021).

y-LPH

117

&
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3.1. Dentate Gyrus (DG)

Depolarization and action potential firing

Ca2+ o o . . . .
Shehe It is involved in the formation of new
° o 285880 . . .
G“;‘ g\\‘ggzﬁ‘wwixi’éiggm PVN memories and the processing of spatial
ms?\ﬁggzﬁiiw ¥ mos 4 information. It receives input from the
ssel le lon channel . .
it o e entorhinal cortex and projects to the

CA3 region of the Hippocampus
(Coelhoet al, 2024; Huanget al.,
2024).

3.2. Cornu Ammonis (CA) Regions

POMC neuron 2nd order neuron

The Hippocampus is divided
into several layers, such as CA1, CA2,
CA3, and CA4. CAl is responsible for

Fig. 5. Activation of POMC neurons and release of a-MSH. PC1/3 and PC2 carry out CONsolidating  and  retrieving
the cleavage of POMC int>-MSH by stimulating molecules such as GLP-1 and Memories. It receives processed
leptin, which promote an increase in intracellular calcium and the firing of the neuron's information from the CA3 and is a
action potential. The axonal extensions of POMC neurons then reled$H in significant output region of the
second-order neurons located in the paraventricular nucleus, which binds toHippocampus. CA2 is a less
melanocortin-4 receptors, promoting appetite inhibition and increased energy ynderstood region but is thought to

ARC

expenditure. play a role in social memory (Olivet
al., 2016). CA3 is significant for
2.2. Neuropeptide Y pattern completion and the retrieval of

stored memories. It receives inputs from the dentate gyrus
NPY is a neuropeptide expressed in neurons locatgfld has a network of recurrent connections, making it
inthe ARC. It has an orexigenic function, activating energ¥ssential for forming associative memories. CA4 is known
metabolism by promoting more substantial food intake arg the hilus, near the dentate gyrus. It is involved in the
less energy expenditure by binding its active form tgansfer of information within the hippocampal circuit
hypothalamic Y1 receptors (Y1R). Besides, it stimulate@ercer & Thomson, 2017).
the synthesis of fatty acids and fat deposition as an energy
reserve, accumulating body fat and weight gain (Georgesg\8. Subiculum
et al, 2020).
Itis the primary output region of the Hippocampus.
AgRP is another orexigenic peptide co-secreted wilh connects to other brain parts, including the cortex and
NPY and primarily increases food intake and decreasggpothalamus (Viellarét al, 2024). It involves spatial
energy expenditure. The main signals for activating NPyavigation, memory processing, and stress response (Baset
AgRP neurons are low blood sugar and the action @fHuang, 2024).
ghrelin. Insulin and leptin inhibit NPY/AgRP expression.
The deletion of NPY in mice inhibits food intake (Rakhat

et al, 2022). 3.4. Entorhinal Cortex

Just like POMC, there are subpopulations of NPY The entorhinal cortex does not anatomically
that either express or do not express leptin receptors. Besigggticipate in the Hippocampus proper. However, it is
NPY neurons also express AgRP in 80 % of the casegucial for the hippocampal function (Nguyetral,, 2024).
Therefore, around 20 % of NPY neurons do not exprefisis a significant input and output hub, sending sensory

AgRP (Leeet al, 2023). information to the Hippocampus and receiving processed
information in return. The entorhinal cortex stands out as
3. HIPPOCAMPUS and memory a critical brain region affected in the early phases of

Alzheimer's disease, with some of the disease's

The Hippocampus is a significant brain structurgathological processes originating from this area, making

involved in memory formation, spatial navigation, angt one of the most decisive brain regions in this
learning. The main parts of the Hippocampus are (Fig. 6)aeurodegenerative disease (Karimetral, 2024).
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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

Subiculum (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

Fimbria @&——

Sagittal section

Dentate gyrus

Parahippocampal . .
gyrus memory formation, learning,

and spatial information.

Coronal section

4. NEURODEGENERATIVE DISEASES

The increase in inflammatory processes and insulifhderlying the neuroprotective effects of GLP-1RAs in
resistance in the central nervous system resulting froffle laboratory and their potential therapeutic utility have
metabolic disorders such as obesity and diabetes is alredyticular relevance to Parkinson's disease and Parkinson's
correlated with neurodegenerative diseases such disease dementia (Athauda & Foltynie, 2016). Additionally,
Alzheimer's disease and Parkinson's disease. There igx@erimental Alzheimer's disease models demonstrate the
strong association between T2DM and Alzheimer's diseagss of function of NPY/AgRP neurons and decreased
which can be considered type 3 diabetes (Bharagwajresponsiveness to appetite and appetite-related hormones,
al.,, 2017; Arnoldet al, 2018; Amidfaret al, 2024). In  such as leptin, insulin, and ghrelin. Despite this, there is
these cases, there is an increase in the phosphorylatiostfif a lack of studies in the literature demonstrating the
the Tau protein (a microtubule-associated proteisupposed correlation between the higher incidence of
predominantly expressed in the neurons), a characteristigheimer's disease and the plasma concentrations of these
event of Alzheimer's disease (Di Lorenzo, 2024; Lanter@ormones (Lopez-Gambeeb al, 2022).

Rodriguezet al, 2024).
The deposition of beta-amyloid plaques in the CNS

Microglia are specialized in phagocytosis in areas also characteristic of Alzheimer's disease. However, the
of neural injury or inflammation (Viannat al, 2017; hypothalamus does not seem to be affected, with the
Thakkaret al, 2018; Hallet al, 2022) and play a crucial Hippocampus being a more suitable location for depositing
role in combating metabolic changes associated withese plaques, leading to the activation of microglia and
obesity (Linet al, 2023). They are reactive in response tgstrocytes and consequent hippocampal inflammation. The
pro-inflammatory factors such as those induced by a highctivation of hippocampal astrocytes directly interferes
fat diet and the consequent reduction of functions in thg@th the activity of hypothalamic neurons, as a negative
hypothalamus (Dalwt al, 2017). correlation was observed between the expression of glial

fibrillary acidic protein (GFAP), a protein indicative of

The non-dopaminergic lesions in motor circuits arg@strocyte activation, and the expression of hypothalamic
likely to contribute to the pathogenesis of Parkinsonigseuropeptides (Lopez-Gambeeo al., 2021; Lopez-
disease (Hallidayt al, 2005). Molecular mechanisms Gambercet al, 2022).
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5. GLUCAGON-LIKE PEPTIDE TYPE 1

5.1 Glycemic control and neuroprotective effects The mouse's hypothalamus is the brain region with
the highest density of GLP-1R, especially in the PVN and
GLP-1 is a peptide derived from the cleavage @&ARC, involved in the signaling pathways of appetite and
proglucagon and secreted by L cells in the intestine #atiety that receive axonal projections from GLP-1-
response to nutrient stimulation after a meal (8ual, producing neurons located in the NTS (Sierghl, 2022b)
2021), mainly after consuming foods rich in carbohydratéEig. 7). The GLP-1 intracerebroventricular administration
and fats (Singlet al, 2022b), and by a subpopulation ofincreases intracellular calcium concentration in POMC
neurons in the NTS, located in the brainstem, where it actgurons in the ARC, activating anorexigenic pathways
as a neurotransmitter (Peteefi al, 2021; Singhet al, through the enhanced activity of these neurons (Yermek
2022b). The function of glycemic control occurs througket al, 2022).
the incretin effect, stimulating insulin secretion in
pancreatic beta cells to manage postprandial blood glucose Endogenous GLP-1 and its agonists are small
levels (Chiviteet al, 2021). molecules that can cross the blood-brain barrier (BBB),
acting directly on the CNS through its connection with the
The action of GLP-1 occurs through its binding téLP-1R. The BBB consists of glial cells, such as
G protein-coupled receptors, specifically GLP-1R, whichstrocytes, microglia, and some neurons. Therefore,
are widely distributed across different cell types, such astivating glial cells during inflammation might affect BBB
pancreatic beta cells, cardiomyocytes, neurons, and in théegrity. On the other hand, GLP-1 might mitigate
vagus nerve (Abtalgit al, 2019; Singlet al, 2022b). After microglial activation, contributing to the BBB integrity,
its release, GLP-1 is quickly inactivated by the action akducing neuroinflammation, and maintaining tissue
the enzyme dipeptidyl peptidase-IV (DPP-1V), resultindiomeostasis (Shaet al, 2019). In a model of T2DM and
in a half-life of approximately 1 to 2 minutes (Chivite obesity, Semaglutide mitigated the expression of genes
al.,, 2021; Hanseet al, 2021). Therefore, it is believedrelated to neuroinflammation and microglial activation,
that endogenous GLP-1 primarily acts in a paracririch as MCP-1, TLR-4, IBA1, and CD68. Besides,
manner on the GLP-1R present in the celiac and gastfiemaglutide also diminished gene expressions related to
branches of the vagus nerve that innervates the intestimdlammasome complex activation, responsible for
The GLP-1R activation reduces food intake througtiiggering inflammatory processes, such as the NLRP3,
glutamatergic signaling via the vagal-NTS, stimulatingcaspase-1, IL-1B, and IL-18, thereby reducing
anorexigenic pathways (Shanal, 2019). neuroinflammation (Marinhet al, 2024).

Fig. 7. Peripheral and central

GLP-1 signaling. Peripherally

?En::goyo:xi:;i';eiture secreted GLP-1 acts directly
on the NTS and indirectly

/|‘ activates  hypothalamic

neurons, modulating circuits
[ MC4R-expressing neuron ] that regulate energetic balance.
;NS S A

) directly activate hypothalamic
[ HrlEE ] [ ML ] NTS neurons. Reaching the ARC,
v\ /\ | G A GLP-1 stimulates POMC

35 ) Y ) neurons and inhibits the

GLP-1 activity of NPY/AgRP
neurons. In the PVN, the
product of POMC cleavage, a-
) MSH, binds to MC4R. The
\O O activation of these receptors
Smallintestine "> OO o leads to decreased food intake
and increased energy
expenditure.

Afferent vagal
signaling
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5.2. GLP-1 receptor agonists Liraglutide is a relevant neuroprotective agent that can
decrease microgliosis and stimulate the anti-apoptotic
For effective therapeutic use of this peptide, GLPpathway, significantly treating obesity and its comorbidities.
1RAs have been developed (Table 1), which are resistant3ome benefits of liraglutide are independent of the weight
the DPP-4 enzyme action, extending the GLP-1 effect lass, which usually accompanies the drug administration
metabolism (Abtahét al, 2019; Heet al,, 2019; Suret al, (Viannaet al, 2016).
2021).
Furthermore, palmitate intracerebroventricular
Exenatide was the first GLP-1RA developed froninfusion resulted in pronounced inflammation response in
the study of the insulinotropic potential of exendin-4, ¢he Hippocampus, reactive microgliosis, and astrogliosis,
peptide found in the venom of the Gila monsktlpderma  with hypertrophied IBA1 immunoreactive microglia (lonized
suspectum a species of venomous lizard (Furman, 2012¢alcium-binding adaptor molecule 1), also called allograft
In 1993, GLP-1R cloned from human pancreatic isletsflammatory factor 1 (AIF 1), is a well-established marker
showed that exendin-4 has a high affinity for these receptofsy microglia/macrophages), increased microglial density
with approximately 53 % similarity to the GLP-1 moleculewith ameboid shape, decreased number of branches and
Its binding to GLP-1R elevates intracellular levels of cCAMRunctions and increased the major histocompatibility
and stimulates insulin secretion (Thorenal, 1993). Thus, complex (MHC) Il expression (Nordeat al, 2016). Also,
a synthetic exendin-4 molecule Exenatide was developedite observed an elevation in the pro-inflammatory cytokine
treat T2DM in 2005, administered subcutaneously twidevels TNFe and IL6 in the Hippocampus of ICV palmitate-
daily (Koltermanet al, 2005; Furman, 2012). infused mice. Liraglutide induced the neuroprotective
microglial phenotype, characterized by an increased
Subsequently, other GLP-1RAs, such as Liraglutidenicroglia complexity (enlarged Feret's diameter, a measure
were developed to be administered daily via subcutaneaafsan object's size along a specified direction -- in general, it
injection. Compared to Exenatide, Liraglutide shows 97 %an be defined as the distance between the two parallel planes
similarity with endogenous GLP-1 and superior effects, wittestricting the object perpendicular to that direction).
more significant reductions in hemoglobin Alc, fasting.iraglutide also improved the number of cell junctions and
glucose, triglycerides, and free fatty acids (Ladenheimrocesses and lower circularity, accompanied by a significant
2015). reduction in TNFe and IL6 expressions. The study
suggested that liraglutide is a suitable treatment against
Liraglutide enhanced leptin sensitivity andpalmitate-induced neuroinflammation, which is
diminished the microgliosis with a decreased Bax/Bcl2 raticharacterized by reactive microgliosis and astrogliosis, as
Besides, Liraglutide activates central anorexigenic pathwaysell as increased pro-inflammatory cytokines, which has
thereby diminishing the energy intake of obese mice at@en described as one of the primary causes of several
improving the metabolic parameters related to obesitgathologies of the CNS (Vianmd al, 2017).

Table 1. Current scenario of the GLP-1 receptor agonists.

Drug Class Structure Status References
(approved for)
Albiglutide GLP-1RA GLP-1 T2DM (2014) (Davist al.,, 2015)
Cotadutide Dual agonist GLP-1/ In development (Spezankt al., 2022)
Glucagon (fatty liver?)
Dulaglutide GLP-1RA GLP-1 T2DM (2014) (Thompsoet al., 2016)
Exenatide GLP-1RA GLP-1 T2DM (2005) (Koltermaet al., 2005)
Liraglutide GLP-1RA GLP-1 T2DM (2009), Obesity (2014) (Damhettal., 2006; Pi-Sunyer
et al, 2015)
Retatrutide Triple agonist GLP-VGIP/ In development (Dissanayake al., 2024)
Glucagon
Semaglutide GLP-1RA GLP-1 T2DM (2017), Obesity (2021) (Singhal., 2022a)
Tirzepatide Dual agonist GLP-VGIP T2DM (2023), Obesity (2023) (Dissanaytla, 2024)
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Dulaglutide is another GLP-1RA with 90 % (Biglarietal, 2021). In POMC/CART neurons, GLP-1RAs
similarity to endogenous GLP-1 and a superior effect tppear to act directly and indirectly, as both the inhibition
Exenatide, similar to Liraglutide (Thompson & Truijillo, of GABAergic signaling and glutamatergic signaling did
2016). Furthermore, Albiglutide, like Dulaglutide, anothenot prevent the action of these agonists (Chigital.,
GLP-1RA approved for treating T2DM in 2014, is2021). Furthermore, increased c-Fos protein expression is
administered once a week, offering an advantage owvaso essential for neural activity activation (Abtahal.,
previous GLP-1RAs (Davist al, 2015; Thompson & 2019). In mice, the cerebroventricular administration of
Trujillo, 2016). About six years after the approval of th&xendin-4 (Ex-4) increases the c-Fos expression in ARC
first GLP-1RA for treating obesity, in 2021, Semaglutidand PVN neurons (Abtalet al, 2019).
became the second agonist approved for weight
maintenance (Daviest al, 2021; Singtet al, 2022a). 6. FINAL REMARKS

Combinations of the GLP-1 with other peptides There is a high complexity in the neural circuits
were developed to enhance the management of théseolved in appetite regulation, highlighting the interaction
comorbidities, such as glucagon (GLP-1/Glucagoretween peripheral and central signals mediated by
Cotadutide) (Spezani & Mandarim-de-Lacerda, 2022) amaturopeptides and hormones. The role of GLP-1 on the
GIP (glucose-dependent insulinotropic polypeptide, GIRBLP-1 receptors is essential in regulating eating behavior
GLP-1, Tirzepatide) (Reis-Barbosa al, 2024a; Reis- in the hypothalamus' ARC and PVN. Therefore, the
Barbosaet al, 2024b). Tirzepatide was approved in 202anorexigenic and orexigenic pathways are modulated via
for treating T2DM and obesity, but Cotadutide remains iROMC/CART and NPY/AgRP, respectively. Furthermore,
the study (Dissanayake & Somasundaram, 20243.LP-1RAs, such as Liraglutide, Dulaglutide, or
Currently, triple agonism (GLP-1/GIP/Glucagon) is bein@gemaglutide, strongly affect these pathways, reinforcing
developed (Retatrutide, Lilly Corporate Centertheir therapeutic potential. However, the interaction
Indianapolis, IN, USA) (Harris, 2023; Sanglal, 2024). between GLP-1 and other peptides, such as ghrelin, GIP,

and leptin, highlights the complexity of regulating eating

In obesity, decreasing GLP-1RA in POMC neuronbehavior.
reduces satiety signals and weight gain by diminishing the
action potentials in the neurons (Martgial, 2023). GLP- The link between metabolic dysfunctions and
1RAs act directly on POMC/CART (cocaine- ancheurodegenerative diseases, parallel to pursuing new
amphetamine-regulated transcript) and NPY/AgREherapeutic strategies to regulate food intake, stimulates a
neurons and alter action potential frequencies, theredgeper understanding of the mechanisms involved. The
inhibiting or stimulating the expression of thesaew drugs in development usually combine GLP-1 with
neuropeptides (Joly-Amada al, 2014). The incubation other peptides, such as GIP and glucagon. It is expected
of POMC/CART neurons with Liraglutide seems tahat this movement will continue, and more effective drugs,
stimulate excitatory synapses, while the incubation of NPWhich can be administered for longer periods, are more
AgRP stimulates inhibitory synapses (Dagtaal, 2021). affordable, and have fewer side effects, will become

available.

A central component for the action of these agonists
is the receptor TrpC5, which increases intracellular calciuACKNOWLEDGMENTS
and, consequently, releases neurotransmitterse{t,

2019). POMC neurons with LepR that did not express The laboratory is funded by Conselho Nacional de
TrpC5 fail to alter the resting membrane potential iDesenvolvimento Cientifico e Tecnoldgico (Brazil) (Grant
response to Liraglutide, resulting in the absence d&fo 305993/2021-6 to CAML, and 302215/2022-0 to
depolarization (Smittet al, 2019). POMC and NPY MBA), and Fundacéo Carlos Chagas Filho de Amparo a
neurons seem to rely on TrpC5 to be influenced by GLIPesquisa do Estado do Rio de Janeiro (FAPERJ, Grant Nos.
1Ras. In addition, NPY also depends on ATP-sensitie26/203.981/2024 to CAML, and E-26/203.900/2024 to
potassium channels (KATP channels) (Dengl, 2021) MBA). These foundations did not interfere in the execution
(Fig. 5). and submission of the manuscript.

The inhibition of GABAA receptors prevents theCONFLICT OF INTEREST STATEMENT
action of GLP-1RAs on NPY/AgRP neurons, suggesting
that such agonists indirectly decrease the expression of  None of the authors has personal conflicts of interest
NPY/AgRP by exciting presynaptic GABAergic neuronsand have not received payments for their work on this study.
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