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Abstract

The glucagon-like peptide 1 is a pleiotropic hormone that has potent insulinotropic effects and

is key in treating metabolic diseases such as diabetes and obesity. Glucagon-like peptide 1 exerts

its effects by activating a membrane receptor identified in many tissues, including different brain
regions. Glucagon-like peptide 1 activates several signaling pathways related to neuroprotection,

like the support of cell growth/survival, enhancement promotion of synapse formation, autophagy,
and inhibition of the secretion of proinflammatory cytokines, microglial activation, and apoptosis
during neural morphogenesis. The glial cells, including astrocytes and microglia, maintain metabolic
homeostasis and defense against pathogens in the central nervous system. After brain insult,
microglia are the first cells to respond, followed by reactive astrocytosis. These activated cells produce
proinflammatory mediators like cytokines or chemokines to react to the insult. Furthermore, under
these circumstances, microglia can become chronically inflammatory by losing their homeostatic
molecular signature and, consequently, their functions during many diseases. Several processes
promote the development of neurological disorders and influence their pathological evolution: like the
formation of protein aggregates, the accumulation of abnormally modified cellular constituents, the
formation and release by injured neurons or synapses of molecules that can dampen neural function,
and, of critical importance, the dysregulation of inflammatory control mechanisms. The glucagon-

like peptide 1 receptor agonist emerges as a critical tool in treating brain-related inflammatory

pathologies, restoring brain cell homeostasis under inflammatory conditions, modulating microglia

Glucagon-Like Peptide-1Receptor Activation in the Brain .3 activity, and decreasing the inflammatory response. This review summarizes recent advances linked to

Concerning Inflammation
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the anti-inflammatory properties of glucagon-like peptide 1 receptor activation in the brain related to
multiple sclerosis, Alzheimer’s disease, Parkinson’s disease, vascular dementia, or chronic migraine.
Key Words: astrocytes; brain; glucagon-like peptide 1 receptor; inflammation; microglia

Introduction

Glucagon-like peptide 1 (GLP-1) can have broad pharmacological and
therapeutic uses (Mller et al., 2019). Among its hormonal effects, it should
be included its capability to decrease gastric emptying, inhibit food intake,
or control metabolism (Decara et al., 2016; Miller et al., 2019; Brierley et
al., 2021; Imbernon et al., 2022; Singh et al., 2022). Preclinical studies have
demonstrated the capacity of the activation of the GLP-1 receptor to induce
protective effects, modulating the hypothalamic-pituitary-adrenal axis,
heart, and lungs (Gil-Lozano et al., 2014; Romani-Pérez et al., 2015; Drucker,
2018; Mdller et al., 2019; Fandifio et al., 2020; Diz-Chaves et al., 2022b; Li
et al., 2022; Reich and Holscher, 2022). Moreover, GLP-1 modulates learning
and memory, rewards behavior, and reduces hunger-driven feeding, food’s
hedonic value, and motivation (Skibicka, 2013; Muller et al., 2019), in addition
to its well-known incretin effect in hyperglycaemic conditions (Mdller et al.,
2019).

Moreover, in the inflammatory response, GLP-1 acts as a target and
mediator (Drucker, 2018). In rodents, the secretion of the peptide increases
after inflammatory stimuli (Kahles et al., 2014; Nguyen et al., 2014). GLP-1
modulates inflammation in multiple areas, demonstrating anti-inflammatory
effects like pancreatic islets and adipose tissue (Langlois et al., 2016; Lee and
Jun, 2016). Also, the liver, gut, kidney, lung, testis or skin, and the vascular
system, which includes the aorta and vein endothelial cells, GLP-1 can reduce
the production of inflammatory cytokines, chemokines, and the infiltration
of immune cells in the tissues (Drucker, 2016; Lee and Jun 2016; Fandifio et
al., 2020; Yang et al., 2022) and mediate the inflammatory response (Drucker,
2018). Moreover, GLP-1 and the GLP-1 receptor analogs display a wide range
of neuroprotective and anti-inflammatory effects in the brain in several animal
models of neuroinflammatory diseases (Diz-Chaves et al., 2018; Diz-Chaves, et
al., 2022b). These molecules emerge essential in treating brain inflammatory-
related pathologies by restoring brain cell homeostasis under inflammatory
conditions. This review summarizes recent advances in the anti-inflammatory
properties of GLP-1 receptor activation in the brain.

Retrieval Strategy

The studies cited in this review were retrieved from the PubMed database.
The appropriate literature published from 2018 and 2023 was screened. Even
though, for the writing of the manuscript, relevant studies before these year
periods were included when necessary. The following words combined with
Boolean operators (AND and OR) were used to maximize search specificity
and sensitivity: microglia, astrocytes, GLP-1 receptor, GLP-1 receptor analogs,
brain inflammation, neuroinflammation, GLP-1 effects, brain inflammatory
diseases, multiple sclerosis, Alzheimer’s disease, vascular dementia,
chronic migraine. The results were further screened by title and abstract.
Furthermore, the role of microglia and its contribution to neuroinflammation
events was included. No language or study type restrictions were applied.

Glucagon-Like Peptide 1 and Its Derivatives

Cell-specific posttranslational processing of the proglucagon gene leads
to the synthesis of GLP-1 (Mdller et al., 2019). In pancreatic a-cells, in
enteroendocrine L-cells throughout the gut, and in the caudal portion of
the nucleus tractus solitary of the brainstem, the preproglucagon (PPG) is
processed by the prohormone convertase 1/3 into GLP-1 and other peptides
(Larsen et al., 1997; Muller et al., 2019). Moreover, in the brain, PPG cell
bodies were also described in a population of glutamatergic olfactory bulb
interneurons in the adjacent medullary reticular formation, the lumbar-sacral
spinal cord and the piriform cortex (Holt et al., 2019; Thiebaud et al., 2019;
Diz-Chaves, et al., 2022b).

The processing of proglucagon results in the gut and, to a smaller extent, in
the pancreatic a-cells, in three GLP-1 peptides of 37, 31, and 30 residues (Diz-
Chaves, et al., 2022a). The pancreatic receptor recognizes a glycine-extended
peptide GLP-1(7-37) and GLP-1(7-36) amide, two N-terminally truncated
products (Drucker et al., 1986; Campos et al., 1994). However, in vitro and
in vivo studies have demonstrated that its metabolite, GLP-1(9-36), reduces
glucose production alone or induced by positive allosteric modulators (Elahi
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et al., 2008; Willard et al., 2021) and has protective effects in neuronal and
microglial cell lines (Li et al., 2021).

The GLP-1(7-36)amide is rapidly degraded (1-2 minutes in humans) by
the ubiquitous enzyme dipeptidyl peptidase-4 and forms two N-terminally
truncated peptides, the GLP-1 (9—-37) and the GLP-1 (9—-36)amide (Holst
et al., 2019). The short half-life of GLP-1 limits its therapeutic use. For this
reason, different GLP-1 derivatives with extended half-lives and improved
bioavailability have been developed in the last years to treat metabolic
diseases like type 2 diabetes and obesity (Muller et al., 2018, 2019; Knudsen
and Lau, 2019; Arslanian et al., 2022). These molecules bind to the GLP-1
receptor (GLP-1R) and can activate downstream signaling, modulating cell
growth and repair similarly to GLP-1 (Mdller et al., 2018). There are currently
seven approved GLP-1 receptor agonists (GLP-1 RAs) (Trujillo et al., 2021).
Short-acting: exenatide twice daily (Byetta®), lixisenatide once daily (Adlyxin®,
Lyxumia®); and long-acting: liraglutide once daily (Victoza®), exenatide once
weekly (Bydureon®), dulaglutide (Trulicity®), semaglutide (Ozempic®) and oral
semaglutide (Rybelsus®) (Trujillo et al., 2021).

Classifying the GLP-1 RAs into several groups concerning the structural
modification of the GLP-1(7-37) molecule is possible: The Exendin-based
therapies, based on the exendin-4, protect from dipeptidyl peptidase-4
cleavage. This molecule bears a 53% homology to human GLP-1 (Mdiller et al.,
2018; Knudsen and Lau, 2019; Diz-Chaves, et al., 2022b). Modifying several
amino acid sequences results in molecules that are dipeptidyl peptidase-4
resistant and present increased half-lives, such as Lixisenatide (Sanofi,
Paris, France), a 44-amino-acid derivative of Exenatide (Muller et al., 2018;
Knudsen and Lau, 2019; Diz-Chaves et al., 2022b). There are GLP-1 RAs
with a slow-down renal excretion by conjugating the peptide to substances
such as fatty acids and ovalbumin (among others). Like liraglutide (Novo
Nordisk, Copenhagen, Denmark), based upon the native GLP-1 sequence,
is palmitoylated (C16:0) at the side chain of lysine 20 through a y-glutamic
acid spacer-molecule (Knudsen and Lau, 2019; Diz-Chaves, et al., 2022b) or
Semaglutide (Novo Nordisk), a chemically optimized analog of liraglutide
with enhanced pharmacological properties (Mdller et al., 2019; Diz-Chaves,
et al., 2022b). Nowadays, it has developed various classes of peptide-
based multi-agonists, and peptide-small molecule conjugates with probed
superior preclinical efficacy and is currently undergoing clinical evaluation
(Clemmensen et al., 2019). A single molecule with complementary signaling
characterizes the multi-agonists through more than one receptor, each
offering beneficial effects on systems (Mdller et al., 2018, 2019) like the dual
or triple agonist of the GLP-1 receptor, including glucagon or GIP (glucose-
dependent insulinotropic polypeptide) or single-molecule hybrids of GLP1 and
GLP2 still under study (Mdller et al., 2018; Clemmensen et al., 2019).

Of late, small molecules’ positive allosteric modulators of the GLP-1 receptor
have been characterized (Nakane et al., 2015; Willard et al., 2021) even
though they still not have been approved for clinical use yet (Clemmensen et
al., 2019). These compounds can enhance the affinity of GLP-1R for GLP-1 and
provide effective direct agonism. Some of these positive allosteric modulators
can potentiate the activity of weaker metabolite GLP-1 (9-36) by interacting
with both the receptor and the peptide (Nakane et al., 2015; Willard et al.,
2021).

Glucagon-Like Peptide 1 Receptor in the Brain:
Signaling Pathways

GLP-1 promotes biological actions by binding to a class B family’s G protein-
coupled receptor (Mdller et al., 2019). Seven transmembrane domains form
the GLP-1R. It contains an amino-terminal hydrophobic region followed by a
hydrophilic domain with three N-linked glycosylation sites essential for the
receptor function as standard folding and trafficking to the cell surface (Chen
etal., 2010; Yang et al., 2016).

It is possible to find receptor mRNA transcripts widely distributed in
peripheral tissues or the central nervous system (CNS; Miller et al., 2019;
McLean et al., 2021). PPG neurons display axonal inputs with the most GLP-
1R-expressing brain regions and can be activated by the GLP-1 originating
from those cells (McLean et al., 2021). However, brainstem PPG neurons do
not project to the hippocampus (Llewellyn-Smith et al., 2011) or the olfactory
bulb, where GLP-1R has been described (MclLean et al., 2021). Moreover,
GLP-1Rs are highly abundant in circumventricular organs (Mdller et al., 2019;
Mclean et al., 2021; Nowell et al., 2022), as well as nuclei involved in the
regulation of glucose metabolism and energy balance (McLean et al., 2021),
as was demonstrated recently, using far-red fluorescent labels for the real-
time detection of endogenous GLP-1R in live cells (Ast et al., 2020). The
passage of GLP-1 agonists across the blood-brain barrier (BBB) is incompletely
understood. However, a mechanism that acts as the conduit between the
peripheral circulation and the brain may exist for GLP-1 receptor-dependent
ligand uptake and transcytosis across tanycytes, the choroid plexus, or
endothelial cells (Jones, 2022).

The GLP-1 receptor is present in neurons and glial cells in several brain
regions (Diz-Chaves et al., 2022b). However, species differences related to
brain regions may exist about the expression of the receptor. In fact, in the
spinal cord in mice, the receptor appears in neurons and microglia but not in
astrocytes (Qian et al., 2022). However, in the hypothalamus, GLP-1R is not
expressed in microglia, but it was described in neurons, vascular cells, and
astrocytes expressing aquaporin associated with vascular end feet (Heiss et
al. 2021; Smith et al. 2022). It is essential to point out that the lack in the
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expression of the receptor in the microglia in several brain regions may be
related to the necessity of the existence of a brain inflammatory insult to
increase its density, related to its role in controlling inflammation (Diz-Chaves
etal., 2022b).

In the brain, the activation of GLP-1R coupled Ga subunit pathway activates
the adenylate cyclase system, which stimulates cAMP formation through
the conversion of adenosine triphosphate, continued with protein kinase A
(PKA) activation (McLean et al., 2021; Nowell et al., 2022; Figure 1). Then,
PKA can promote cAMP-response element binding protein phosphorylation.
The activity of PKA can augment the release of neurotransmitters into the
synapse, thus facilitating long-term potentiation and giving support to cell
growth and survival as well as synaptic plasticity (Diz-Chaves et al., 2022b;
Nowell et al., 2022; Reich and Holscher, 2022). Furthermore, the metabolic
ligand adenosine diphosphate, derived from adenylate cyclase, acts on K"
channels, facilitating depolarisation of the cell membrane after the closure of
the channel, and reducmg repolarisation, leading to the opening of voltage-
dependent L-type Ca channels, leading to the increase of the intracellular
concentration of Ca** and faalltat‘lng that way the neurotransmitter release
(Calsolaro and Edison, 2015; Nowell et al., 2022). Moreover, an alternative
cAMP signaling mechanism has been described by activating cAMP-binding
proteins designated as cAMP-regulated guanine nucleotide exchange factors
(cAMP/GEFs, also known as Epac) (Holz, 2004). EPAC leads to the activation of
mitogen-activated protein kinase (MAPK), starting a slower process of gene
activation (Hoélscher and Li, 2010).
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Figure 1 | Downstream GLP-1 receptor activation signaling.
Downstream GLP-1 receptor activation of the GLP-1 receptor promotes several cell-
signaling cascades involved in GLP-1RAS effects: memory formation, synapse repair,
neuroprotection, activation of Ca®*, and regeneration of neurotransmitter release.
Reprinted with permission from Diz-Chaves et al. (2022b). AC: Adenylate cyclase; AMPK:
AMP-activated protein kinase; Bax, Bik: Bcl2-interacting killer; Ca’*: calcium ions; c-Raf:
cellular Raf gene (rapidly accelerated fibrosarcoma); CREB: cyclic AMP response element-
binding protein; EPAC: exchange proteins directly activated by cAMP; ERK: extracellular
signal-regulated kinase; MAPK: mitogen-activated protein kinase; MEK1/2: MAPK or
Erk kinases; mTOR: mammalian target of rapamycin; NFkB: nuclear factor kappa-light-
chain-enhancer of activated B cells; P9ORSK: ribosomal S6 kinase; PGCla: peroxisome
proliferator-activated receptor y co-activator; PI3K: phospho- inositide 3 kinase; PKB:
protein kinase B; PKC: protein kinase C; PKD: protein kinase D; SIRT1: sirtuin 1.
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When the GLP-1 receptor coupled GBy subunits activate PI3K, it consequently
initiates MAPK cascade. It promotes gene expression controlling different
cellular repair mechanisms, cell growth, and differentiation (Nowell et al.,
2022). Moreover, the pathway PI3K/AKT can be activated. The AKT pathway
can phosphorylate many substrate proteins and modulate different processes,
such as autophagy, long-term potentiation, the synapse formation, as well as
inhibiting the secretion of proinflammatory cytokines, apoptosis, microglial
activation, tau phosphorylation, and the accumulation of a-synuclein and
amyloid-B (AB; Grieco et al., 2019; Cao et al., 2022; Guan et al., 2022; Nowell
etal., 2022).

Microglia and Astrocytes in the Inflammatory
Response

In the brain, microglia are the principal resident immune cells involved
in homeostasis and host defense against pathogens and CNS disorders
(Hickman et al., 2018). These cells are highly dynamic and undergo intense
remodeling processes throughout their lifespan (El Ali and Rivest, 2016). Their
physiological functions could include the control of synaptic remodeling, the
maintenance of myelin homeostasis, or the migration to sites of neuronal
death to phagocytose dead or dying cells or debris (Hickman et al., 2018).
Microglia mediate host defense against infectious pathogens, harmful self-
proteins such as AB, aggregated a-synuclein, mutant or oxidized superoxide
dismutase, mutant huntingtin or prions, as well as primary or metastatic CNS
tumors (Hickman et al., 2018).

Microglia express several receptors involved in the control of innate immune
functions, mainly the pattern recognition receptors that regroup three
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principal receptor families: nucleotide-binding oligomerization domain
(nod)-like receptors (NLRs), toll-like receptors (TLRs), and the retinoic acid-
inducible gene-1-like receptors (El Ali and Rivest, 2016). These receptors
recognize specific ligands called pathogen-associated molecular patterns and
danger-associated molecular patterns (DAMPs; Rivest, 2009; El Ali and Rivest,
2016). The activation of these receptors induces specific signaling pathways
involved in modulating microglial functions (EI Ali and Rivest, 2016). After
an injury or disease, microglia respond by undergoing a process of cellular
activation characterized by phenotypical morphological changes, increased
cell proliferation, and modifying their function by leading to the production
of proinflammatory molecules (Rivest, 2009; Astiz et al., 2016; Plastini et
al., 2020; Diz-Chaves et al., 2022b). After CNS insult, microglia respond to
the subsequent activation of the astrocytes in a process called astrocytosis
(DiSabato et al., 2016). Moreover, related to these effects, chronic microglia
activation is associated with the etiology and progression of different
neurodegenerative diseases (DiSabato et al., 2016; Hickman et al., 2018).

These cells can lose their homeostatic molecular signature and functions
during many diseases, such as synaptic plasticity roles, becoming chronically
inflammatory (Butovsky and Weiner, 2018). Remarkably, microglia have
a typical neurodegenerative signature for conditions such as Alzheimer’s
disease (AD), multiple sclerosis (MS), or Parkinson’s disease (PD) (Butovsky
and Weiner, 2018), reacting to injury through morphological changes by
increasing microglial proliferation, migration to the target, phagocytosis,
activating the inflammasome, and releasing proinflammatory molecules (Diz-
Chaves et al., 2022b).

Astrocytes are involved in almost every aspect of CNS function. These
cells modulate synapse formation and maturation, homeostasis of ions
and neurotransmitters, and BBB maintenance. They also are critical for
maintaining neuronal metabolic support (Bonvento and Bolafios, 2021;
Torres-Ceja and Olsen, 2022). Astrocyte activation has two faces, a beneficial
one, promoting tissue repair and homeostasis, or a detrimental, exacerbating
inflammatory response and tissue damage, depending on the stimuli’ nature
(Jha et al., 2019). Microglia activation stimulates the secretion of several
proinflammatory molecules like tumor necrosis factor-a (TNF-a), interleukin
(IL)-1B, nitric oxide, vascular endothelial growth factor-B, or complement
factor Cql that can induce a modification of the astrocyte phenotype towards
A1l reactive (Liddelow et al., 2017). Under these circumstances, astrocytes
lose the capacity to promote neuronal survival, outgrowth, synaptogenesis,
and phagocytosis, inducing the death of close neurons and oligodendrocytes
(Liddelow et al., 2017). Also, Al reactive astrocytes have decreased metabolic
and homeostatic roles, impairing glutamate uptake (resulting in excitotoxicity)
and decreasing lactate release from astrocytes (Liddelow et al., 2017; Jha et
al., 2019).

Glucagon-Like Peptide-1 Receptor Activation in
the Brain Concerning Inflammation

Neuroinflammation is related to the chronic activation of microglia and
astrocytes accompanied by significant cytokine and chemokine production,
the infiltration of peripheral immune cells and edema formation, and
increased BBB permeability or even breakdown (DiSabato et al., 2016; Diz-
Chaves et al., 2022b). However, the context, duration, and course of the
primary stimulus or insult may determine the degree of neuroinflammation
(DiSabato et al., 2016).

Most neurological and neurodegenerative disorders are influenced by
inflammatory processes (Gilhus and Deuschl, 2019), as well as many
neuropsychiatric disorders, retina, and optic nerve degenerative diseases,
epilepsy, traumatic brain injury or stroke (DW et al., 2017; Rossi et al., 2021;
Diz-Chaves et al., 2022b; Reich and Holscher, 2022). This review focused on
multiple sclerosis, PD and AD, vascular dementia, and migraine.

Multiple sclerosis

Multiple sclerosis (MS) is the most prevailing chronic inflammatory disease
of CNS (Dendrou et al., 2015). It is characterized by immune cell infiltration
across the BBB and the apparition of lesion sites, a usual hallmark of MS.
Lesioned sites are related to inflammation, demyelination, activation of glia,
and neuroaxonal degeneration, conducting to disruption of neuronal signaling
(Diz-Chaves et al., 2022b). These lesions are considerably recognized in the
white matter but may appear throughout the CNS; they are related to focal
areas of glial reaction, inflammation, and demyelination (Reich et al., 2018).

In this context, the therapeutic efficacy of the activation of the GLP-1R in “in
vivo” and in “in vitro” MS models has been described (DellaValle et al., 2016;
Lee et al., 2018; Chiou et al., 2019; Gharagozloo et al., 2021; Park et al., 2021;
Ammar et al., 2022). The therapy with GLP-1 RAs as Liraglutide, exendin-4,
or dulaglutide can ameliorate the disease score both in experimental
autoimmune encephalomyelitis (EAE) and Cup-mice (DellaValle et al., 2016;
Lee et al., 2018; Chiou et al., 2019; Gharagozloo et al., 2021; Song et al,,
2022) independently of the dose, time, and via administration (subcutaneously
or intraperitoneally).

Related to the anti-inflammatory effects of GLP-1R activation, NLYO1 (a
pegylated long-acting exendin 4 GLP-1R agonist with an extended half-
life) suppresses the activation and expansion of innate immune cells in the
myeloid lineage at the early stage of EAE (Yun et al., 2018; Gharagozloo et
al., 2021). In addition, dulaglutide treatment reduces lymphocyte infiltration
into the CNS at PID 14 in EAE mice (Chiou et al., 2019). It suppresses the
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development of highly encephalitogenic Th1/Th17 cells in the CNS, suggesting
a critical role in the modulation of T cell pathogenicity in the CNS (Chiou et
al., 2019). Moreover, NLYO1 lowers the percentage of infiltrating leukocytes

(CD45"™" ") and effector/memory T cells (CD4°CD44") in the CNS (Gharagozloo
etal., 2021).

In MS, disease progression induces a well-known pathogenic event
characterized by an excessive immune response and the production of
diverse proinflammatory cytokines, such as IL-1, IL-6, IL-12, IL-18, and IL-
23 (Diz-Chaves et al., 2022b). These molecules expand Th1 and Th17 cells
(Govindarajan et al., 2020). Following the breakdown of BBB, the activation of
Th1, Th17, and y& T cells occurs, facilitating the entry of these cells into the
brain and spinal cord (Govindarajan et al., 2020). Microglia, the infiltrating
monocytes, and neutrophils begin to secrete IL-1B and IL-23 to activate
further and facilitate these cells’ expansion (Govindarajan et al., 2020). In this
regard, Exendin-4 decreases the mRNA expression level of proinflammatory
cytokines (IL-17, IL-1B, IL-6, and TNF-a) in the spinal cords of EAE mice (Lee et
al., 2018).

In the EAE model, activated macrophages, monocytes, dendritic cells, as well
as apoptotic oligodendrocytes release pathogen-associated molecular pattern
or DAMP, like the high mobility group box protein-1 to the extracellular
environment, and initiate an inflammatory response characterized by the
activation of the inflammasome (Barclay and Shinohara, 2017; Song et
al., 2017; Govindarajan et al., 2020). These molecules activate TLRs that
recruit the adaptor protein myeloid differentiation primary response 88
into the receptor complex, leading to phosphorylation of the inhibitor of
nuclear factor-kB (NF-kB) IkB through interaction with the p50 and p65
transcription factors. Activation of the NF-kB pathway causes the synthesis
of pro-IL-1B or pro-1L-18 (Govindarajan et al., 2020; Diz-Chaves et al.,
2022b). About the GLP-1 RAs effects, it has been described that Exendin-4
attenuates NF-kB p65 expression in the EAE spinal cord and blocks IkBa
degradation in LPS-stimulated primary microglia, additionally demonstrating
that exendin-4 can stop microglial polarization (Lee et al., 2018; Figure 2).
Moreover, inflammasome activation is a critical step in autoimmune and
proinflammatory responses in MS (Govindarajan et al., 2020). Its assembly
outcomes are the caspase-1 activation and processing and release of IL-1B
and IL-18 (Song et al., 2017; Zhang et al., 2018a; Govindarajan et al., 2020). In
addition, caspase-1 cleaves gasdermin D (GSDMD), which initiates pyroptosis
leading to the upregulation of IL-18 (Govindarajan et al., 2020). Liraglutide
downregulates the mRNA expression levels of NLRP3, ASC, caspase 1, and
GSDMD induced by EAE (Song et al., 2017, 2022). Liraglutide also prevents
Cup-induced indirect and direct overexpression of HMGB1 and TLR-4,
respectively (Ammar et al., 2022), and attenuates the activation and release
of inflammatory modulators such as caspase-1 and IL-1p mitigating NLRP3
overexpression (Ammar et al., 2022).

The AMPK system activation induces the neuroprotective anti-inflammatory
downstream signaling cascade (Peixoto et al., 2017). The GLP-1 R activation
can phosphorylate AMPK, activating multiple downstream pathways through
molecules such as p53, SIRT1, and peroxisome proliferator-activated receptor
y coactivator-1 (PGCla; Peixoto et al., 2017; Diz-Chaves et al., 2022b).
Inducing the inhibition of the NF-kB translocation and indirectly suppressing
proinflammatory gene transcriptions (Muraleedharan and Dasgupta, 2022).
It is known that EAE and cup MS models show in the lumbar spinal cord and
brain a reduced phosphorylated AMPK expression. Furthermore, liraglutide
administration partly restores the effect (Chiou et al., 2019; Song et al., 2022).
Moreover, semaglutide decreases NF-kB and TNF-a levels by activating the
PI3K/AKT signal pathway and hampering GSK3B (Sadek et al., 2022).

About microglia, the EAE increases the number of amoeboid Ibal-positive
cells in the spinal cord, an effect reversed by exendin-4 that changes their
morphological transformation into ramified cells (Lee et al., 2018).

Parkinson’s disease

Parkinson’s disease (PD) is the second most expected neurodegenerative
disorder. The degeneration of dopaminergic neurons in the substantia
nigra pars compacta is responsible for the motor impairments of the
disease (Diz-Chaves et al., 2022b), as well as the intraneuronal inclusions of
a-synuclein protein commonly referred to as Lewy bodies or Lewy neurites
(Kam et al., 2020), a critical hallmarks of the disease. Moreover, iron
accumulation, elevated oxidative stress, and lipid peroxidation damage are
other conspicuous features of PD (Mahoney-Sanchez et al., 2021). A crucial
aspect of PD is chronic inflammation by activating microglia and astrocytes,
leading to the chronic production of cytokines, NF-kB pathway activation, and
oxidative damage to proteins (Diz-Chaves et al., 2022b).

a-Synuclein can be secreted from neurons and transmitted to neighboring
cells, including neurons and glia, which underlie the spreading of Lewy body
pathology (Choi et al., 2020). Extracellular a-synuclein oligomers function
as DAMPs, activating innate immune receptors on the surface of microglia,
including TLR2 (Kam et al., 2020). It also binds to TLR4, which interacts with
a-synuclein to induce the transcriptional upregulation of Sqstm1/p62 through
the NFKB/NF-kB pathway; SQSTM1 then binds and recruits the a-synuclein
to the phagophore for degradation through a lysosome (Choi et al., 2020).
a-Synuclein likewise binds Fc gamma receptor 11B on microglial surfaces
reducing microglial phagocytosis, which could impair the clearance of
aggregated species or other parenchymal debris (Choi et al., 2015). Moreover,
Fyn kinase, in conjunction with the class B scavenger receptor CD36, regulates
the microglial uptake of aggregated human a-synuclein (Panicker et al., 2019).
In the microglia, fibrillar a-synuclein activates the NF-kB pathway (Kam et
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al., 2020), central to the inflammatory microglial response. But also, Fyn
kinase mediates PKCS-dependent NF-kB—p65 nuclear translocation, leading
to inflammasome priming, facilitating a-synuclein import into microglia,
contributing to the generation of mitochondrial reactive oxygen species
and consequently to NLRP3 inflammasome activation, thereby driving IL-18
release by microglia (Panicker et al., 2019).

GLP-1R activation is neuroprotective in cellular and animal models of
dopaminergic degeneration (Jones-Tabah, 2022). While the signaling pathways
activated downstream of GLP-1R have not been extensively characterized
directly in DA neurons, evidence from other brain areas indicates that GLP-
1R activates PKA and MAPK, and PI3/AKT/mTOR signaling pathways (Jones-
Tabah, 2022). In 1-methyl-4-phenyl-1,2,3,6-tetrahydropypridine (MPTP)
mice, the anti-inflammatory effect of liraglutide is due to the activation of the
AMPK/PGC1a/NF-kB signaling pathway by increasing p-AMPK expression and
reducing NF-kB protein levels (Cao et al., 2022). A complementary mechanism
that may contribute to GLP-1R-mediated neuroprotection is the regulation of
insulin receptors and the reversal of insulin insensitivity in DA neurons (Jones-
Tabah, 2022).

GLP-1 RAs are neuroprotective in PD models improving motor and non-motor
deficits (Holscher, 2018; Labandeira et al., 2022). It has been described that
semaglutide, liraglutide, exendin-4, NLYO1, and the GLP-1/GIP dual receptors
agonist (DA-JC1, DA-JC4, DA5-CH, and DA3-CH), enclose neuroprotective
properties in the MPTP mouse and the 6-hydroxydopamine (6-OHDA)-lesion
induced rat models (Cao et al., 2016; Yuan et al., 2017; Feng et al., 2018;
Zhang et al., 2018b, 2019; Lv et al., 2021; Cao et al., 2022; Zhang et al., 2022).
In this respect, the GLP-1 RAs: semaglutide, DA-JC1DA3-CH, and DA5-CH have
anti-inflammatory effects reducing the activation of microglia and astrocytes
in the MPTP mouse model (Cao et al., 2016, 2022; Yuan et al., 2017; Lv et al.,
2021) and in a 6-OHDA-lesion rat model of PD (Zhang et al., 2022). Moreover,
the dual GLP-1/GIP receptor agonist, DA5-CH, decreases proinflammatory
mediators like IL-1B8 and TNF-a in MPTP-mice and has shown to be superior
to semaglutide, reducing these inflammatory cytokines in 6-OHDA-lesion rats
(Lv et al., 2021; Zhang et al., 2022). Furthermore, DA5-CH also lowers the
number of TL4-and NF-kB- positive cells and increases the growth factor B1
(TGF-B1)-positive cells in the striatum (Lv et al., 2021). They are reducing IL-6
and increasing IL-10 expression levels in the striatum (Lv et al., 2021).

An MPTP-treated Parkinson’s disease model in mice was generated with
the constructed commensal MG1363-pMG36e-GLP-1 able to express GLP-
1 continuously to treat PD (Fang et al., 2019). MG1363-pMG36e-GLP-1
relieves inflammation by reducing TLR-4 expression, down-regulating p-NF-
kB in the NF-kB signaling pathway, and reducing the gene and protein levels
expression of proinflammatory mediators like IL-1B, IL-6, and TNF-a. However,
it is possible that some of the beneficial effects observed by the action of
this constructed commensal MG1363-pMG36e-GLP-1 could be independent
of the GLP-1 production and be mediated by the commensal itself through
another mechanism (Fang et al., 2019). It is known that oxidative stress plays
a role in dopaminergic nerve cell death in PD, which is related to ferroptosis
(Mahoney-Sanchez et al., 2021). MPTP increases the levels of ROS, whereas
L. lactis MG1363-pMG36e-GLP-1 can effectively decrease the ROS levels via
activating the Keap1/Nrf2/GPX4 signaling pathway down-regulate ACSL4 and
up-regulate FSP1 to suppress ferroptosis (Yue et al., 2022).

Using a single-blind trial design, a proof of concept has evaluated the progress
of 45 patients with moderate PD, randomly assigned to receive subcutaneous
exenatide injections for 12 months or as controls (Aviles-Olmos et al., 2013).
In preliminary clinical trials, exenatide-treated patients have shown to
improve at 12 months on the MDS-UPDRS, a mean of 2.7 points, compared
with a mean decline of 2.2 points in control patients (Aviles-Olmos et al.,
2013). Nowadays, three GLP-1 RAs are being tested in four clinical trials in PD:
exenatide (NCT04305002, NCT03456687), semaglutide (NCT03659682), or
liraglutide (NCT02953665) (Diz-Chaves al., 2022b).

Alzheimer’s disease

Alzheimer’s disease (AD) is the most specific cause of dementia (Knopman et
al., 2021). Different potential risk factors increment the risk of dementia in
midlife, principally metabolic factors such as diabetes mellitus or obesity, but
also hearing loss, traumatic brain injury, and alcohol abuse (Knopman et al.,
2021; De Felice et al., 2022). AD dementia pathology involves AB-containing
extracellular neuritic plaques throughout the cerebral cortex (Knopman et
al., 2021). Alterations in insulin signaling appear directly linked to this AB
oligomer formation in the brain (De Felice et al., 2022). Furthermore, proteins
necessary for synaptic plasticities, such as N-methyl-D-aspartate-and a-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid-type glutamate receptors, are
drawn from the cell surface after neural oligomer exposition, indicating a
vast impact on synapses (De Felice et al., 2022). The progress of the disease
is related to the inflammatory process. They are linked to the apparition of
neurofibrillary tangles, AB deposits, damaged neurons, insulin resistance, and
endoplasmatic reticulum stress (De Felice et al., 2022). Microglial activation
and neurotoxicity are crucial in AD’s pathogenesis (Leng and Edison, 2021). In
this regard, glial cell inflammation is critical in synapse damage or elimination
and brain dysfunction, contributing to cognitive and non-cognitive symptoms
of AD (Ferreira, 2021).

The exposition of amyloid-B oligomers induces the removal of the insulin
receptors from the plasma membrane in the neurons, relating a state of
neuronal insulin resistance with AD (Ferreira, 2021). Liraglutide decreases by
50% the number of activated microglia in the hippocampus and cortex (Diz-
Chaves et al., 2022b). This molecule also reduces cortical microglia burden

and the number in the proximity of amyloid plaques in APP/PS1xdb/db and
APPswe/PS1dE9 mice (Long-Smith et al., 2013; Carranza-Naval et al., 2021;
Diz-Chaves et al., 2022b) as well as, reactive astrocytes in APPswe/PS1dE9
mice (Long-Smith et al., 2013). Correspondingly, in APP/PS1 mice, lasting
liraglutide treatment (8 weeks/i.p/once daily) to mice halves microglia in the
hippocampus, demonstrating a prophylactic effect (McClean et al., 2015; Diz-
Chaves et al., 2022b).

In APP/PS1 mice, the GLP-1/GIP dual receptor agonists DA4-JC or DA-JC1,
compared to liraglutide, are superior in most parameters tested, showing anti-
inflammatory effects (Maskery et al., 2020; Salles et al., 2020) by decreasing
TNF-a and IL-1B production and lowering the amyloid plaque load (Maskery et
al., 2020). Moreover, in AD/STZ mice, DA4-JC reduces microglia and astrocyte
activation (Shi et al., 2017). The triple receptor agonist (GLP-1/GIP/glucagon)
reduces the reactivity of microglia and astrocytes in APP/PS1 (Tai et al., 2018).
Several drugs used to treat T2DM and normalize insulin signaling are being
tested in clinical trials for AD treatment (Gejl et al., 2016; Femminella et al.,
2019).

Vascular dementia

Neuroinflammation due to cerebral perfusion deficit is a key causative factor
of vascular dementia (VD) (Duncombe et al., 2017). In the rat animal model,
VD is characterized by increased Ibal-positive and GFAP-positive cells in the
hippocampal CA1, CA3, and dentate gyrus regions (Guan et al., 2022). This
effect is reversed by the treatment with dulaglutide (Guan et al., 2022).

Chronic migraine

Chronic migraine (CM) is a severe neurological disease that manifests as
neuronal plastic changes in the trigeminal nucleus caudalis (lyengar et al.,
2019). By using chronic nitroglycerin injection-stimulated mouse model, it was
observed that Liraglutide suppressed the nitroglycerin-induced upregulation
of microglia in these mice, shortening both total and mean lengths of
microglial processes and reduced nitroglycerin-induced upregulation of Iba-1,
as well as, IL-1B and TNF-a protein levels (Jing et al., 2021).

In resume, activation of the GLP-1 receptor (Figure 2) may prevent
DAMPS, like high mobility group box protein-1, from being released to the
extracellular environment from the monocytes, activated macrophages,
dendritic cells, or apoptotic oligodendrocytes and bind to the TLR (Chiou et
al., 2019). Also, it may directly or indirectly act to inhibit NKkB transcription
through the attenuation of NF-kB p65 expression and blocking of IkBa
degradation (DellaValle et al., 2016; Zhang et al., 2018b) induced by
extracellular a-synuclein oligomers or high mobility group box protein-1. As
well, the activation of the receptor can attenuate NKkB translocation and
the proinflammatory mediators’ production (Chiou et al., 2019). Moreover,
blocking NKkB transcription may prevent the display of pro-IL-18 and pro-
IL-18 and the oligomerization of NLPR3 inflammasome (Peixoto et al., 2017;
Shi et al., 2017; Cai et al., 2021). Therefore, the activation of caspase 1 that
produces IL-1B cleaves from GSDMD, inducing pyroptosis and releasing
proinflammatory cytokines (Shi et al., 2017; Cai et al., 2021). Moreover,
the activation of downstream signaling cascade through the AMPK system
may block nuclear NF-kB (Muraleedharan and Dasgupta, 2022) and may
suppress proinflammatory gene transcriptions inhibiting the synthesis of
proinflammatory mediators (cytokines, chemokines, and adhesion molecules)
(Peixoto et al., 2017; Chiou et al., 2019; Lv et al., 2021).
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Figure 2 | The activation of the GLP-1 receptor induces anti-inflammatory effects.
The activation of the GLP-1 receptor by GLP-1 Ras promotes several anti-inflammatory
mechanisms. Reprinted with permission from Diz-Chaves et al. (2022b). AMPK:
Adenosine monophosphate-activated protein kinase; ASC: apoptosis-associated speck-
like protein containing a CARD; GSMD: gasdermin D; ICAM: intracellular adhesion
molecule-1; IKKK: IkB kinase kinase; IKKB: IkB kinase B; IL-1B: interleukin-1f; IL-2:
interleukin-2; IL-6: interleukin-6; MCP1: monocyte chemoattractant protein 1; NAD/
NADH: nicotinamide adenine dinucleotide; NEK7: NIMA related kinase 7; NFkB: nuclear

factor kappa B; pro-IL-18: pro-interleukin-18; pro-IL-1B: pro-interleukin-18; SIRT1 sirtuin
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Moreover, GLP-1R activation decreases the number and reactivity of microglia
under inflammatory circumstances (Figure 3; DellaValle et al., 2016; Lee and
Jun 2016; Shi et al., 2017; Cai et al., 2021; Jing et al., 2021; Lv et al., 2021;
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Guan et al., 2022). Microglia are the first cells to respond to CNS insults
inducing astrogliosis. It is well known that astrocytes act, promoting tissue
repair and homeostasis, but also, they can be detrimental by exacerbating
inflammatory reactions and tissue damage, depending on the stimuli’ nature
(Jha et al., 2019). The chronic activation of microglia can convert astrocytes
into a neurotoxic A1 phenotype (Yun et al., 2018) by secreting different
molecules such as TNF-a, IL-1B, nitric oxide, vascular endothelial growth
factor-B, or complement factor Cql (Haidet-Phillips et al., 2011; Meoni et al.,
2020; Chowen and Garcia-Segura, 2021). The modification in the astrocyte
phenotype is directly related to altered homeostatic and diminished metabolic
functions, an increase in excitotoxicity related to impaired glutamate uptake,
and a decrease in lactate release from astrocytes (Jha et al., 2019; Meoni et
al., 2020). GLP-1 RAs activation (Figure 3) prevents the microglial-mediated
transformation of astrocytes to an Al neurotoxic phenotype (Cao et al., 2016;
Yun et al., 2018; Zhang et al., 2018b).
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s

5
~,

IL1B, IL-6, CCL2,
BAFF & CXCL1
IL-1B, IL12, IL-23, or IL-33
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decreased lactate release

CXCL2, CCL5, CXCL4
NO, ROS

Figure 3 | Chronic microglia activation facilitates changes in the astrocyte phenotype
to the reactive Al.

Microgliosis and astrocytosis induced by neurodegenerative diseases are blocked by GLP-
1 receptor activation. Reprinted with permission from Diz-Chaves et al. (2022b). BAFF:

B cell-activating factor of the TNF family; CCL2: C-C motif chemokine ligand 2; CCL5: CC
chemokine ligand 5; Cql: complement component 1q; CXCL-1: chemokine (C-X-C motif)
ligand 1; CXCL2: chemokine (C-X-C motif) ligand 2; CXCL4: chemokine (C-X-C motif) ligand
4; IL-12: interleukin-12; IL-1B: interleukin-1B; IL-23: interleukin-23; IL-33: interleukin-33;
IL-6: interleukin-6; NO: nitric oxide; ROS: reactive oxygen species; TNF-a: tumor necrosis
factor a; VEGFB: vascular endothelial growth factor-B.

Conclusion

GLP-1 receptor analogs play a critical role in neuroprotective and anti-
inflammatory effects in the brain in several inflammatory-related brain
diseases. Several clinical trials have been performed based on the
encouragingly preclinical results. These molecules have demonstrated
tremendous positive results in clinical trials, demonstrating that a better
mechanistic understanding of the action of these molecules could highlight
their pleiotropic effects, strengthening their clinical outcomes.
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