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Abstract

In the 21st century, obesity and type 2 diabetes mellitus represent some of the greatest challenges in mo-
dern medicine, affecting hundreds of millions of people worldwide and leading to systemic multiorgan dys-
function caused by cellular stress, glucotoxicity, and lipotoxicity. Glucagon-like peptide-1 (GLP-1) receptor
agonists represent a promising incretin-based based therapies, replacing the purely glucocentric model
with an adipocentric approach that modulates the cellular mechanisms of metabolic diseases. By activa-
ting intracellular pathways dependent on cAMP, PKA, and Epac2, GLP-1RAs not only enhance glucose-de-
pendent insulin secretion and suppress appetite but also actively reduce endoplasmic reticulum stress and
protect pancreatic beta cells from apoptosis. Their pleiotropic effects extend significantly beyond glycemic
control, demonstrating proven benefits in preventing pathological cardiac remodeling, improving vascu-
lar endothelial function, reducing oxidative stress in the kidneys, and modulating neuroinflammatory pa-
thways. Despite substantial cardiometabolic and nephroprotective advantages, GLP-1 receptor agonist
therapy is associated with safety concerns, such as gastrointestinal symptoms caused by delayed gastric
emptying and an increased risk of biliary disorders. Given the complexity of these multiorgan effects, fur-
ther studies with extended follow-up periods are essential to determine which benefits are direct recep-
tor-mediated effects and which result secondarily from weight loss.
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Introduction

In the 21st century, obesity and type 2 diabe-
tes mellitus (T2DM) pose major challenges in
modern medicine. It is estimated that approx-
imately 462 million people worldwide (6.28%
of the global population) are affected by type 2
diabetes. Projections indicate that pathologies
associated with high BMI-induced T2DM will
continue to increase by 2045 [1,2]. To compre-
hensively understand this problem, it is neces-
sary to examine it not only from a clinical per-
spective but also at the cellular level. Chronic
caloric excess overloads cells and organs with
an excess of energy substrates, leading to intra-
cellular gluco- and lipotoxicity. Lipid and glu-
cose overload induces endoplasmic reticulum
(ER) stress, resulting in dysregulated adipokine
secretion and generalized multiorgan dysfunc-
tion [3]. These cellular processes expose the
limitations of the long-standing glucocentric
approach, as focusing solely on lowering blood
glucose levels neither reduced cellular stress
nor decreased mortality associated with cardio-
vascular events. Consequently, this approach is
increasingly being replaced by the adipocentric
model [4], which focuses on reducing adipose
tissue accumulation. Glucagon-like peptide-1
(GLP-1) receptor agonists fit within this con-
cept, as they directly target the cellular mech-
anisms of the disease [5]. The development of
this class of drugs was based on understanding
the concept of the incretin effect.

The “incretin effect” refers to the phenome-
non in which oral glucose administration elic-
its a greater insulin response than intravenous
glucose administration despite an identical
glycemic stimulus [6]. This process is driven
by the incretin hormones glucose-dependent
insulinotropic polypeptide (GIP) and GLP-1,
which are secreted by intestinal enteroendo-
crine cells (EECs) and whose secretion increas-
es following nutrient intake [6,7]. GLP-1 plays
a particularly important role in the gut-pancre-
as axis, where it enhances insulin secretion and
suppresses glucagon release. In addition, it de-
lays gastric emptying and suppresses appetite,
consequently maximizing nutrient absorption
while limiting weight gain. These properties
have made the incretin system - and particu-
larly GLP-1-mediated signaling - a major target
in the modern treatment of type 2 diabetes and
obesity, ultimately leading to the development
of GLP-1 receptor agonists [7].

Initially, the primary clinical limitation of
native GLP-1 was its very short plasma half-life
(1.5-2 minutes) [8]. A breakthrough in the de-
velopment of the first effective incretin-based
therapies came with the discovery of exendin-4
in the venom of Heloderma suspectum, which
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acts as a full GLP-1 receptor agonist and displays
a longer half-life than native GLP-1 [9]. This dis-
covery led to the development of the first drug
in this class, exenatide, followed by later gener-
ations of long-acting agents such as semaglutide
and liraglutide, including oral formulations of
semaglutide [8,10]. The clinical benefits of GLP-
1 receptor agonists resulted in the expansion of
their clinical use from the treatment of type 2
diabetes to the management of obesity and re-
lated metabolic disorders [8].

The wide-ranging clinical advantages of GLP-
1 receptor agonists were established in clinical
practice sooner than the intracellular mecha-
nisms underlying these effects could be fully un-
derstood [11-13]. Although it is now recognized
that the effects of GLP-1 receptor agonist thera-
py extend beyond glucose lowering alone [11],
understanding the full spectrum of their cellular
actions remains an active area of research [12].

The aim of this article is to systematize cur-
rent knowledge relating to the consequences
of activating GLP-1-related signaling pathways
that mediate the reduction of cellular stress
and apoptosis. An analysis of these cellular
mechanisms will allow for a more comprehen-
sive understanding of the emerging clinical ap-
plications of GLP-1 receptor agonists, including
their cardioprotective, nephroprotective, and
neuroprotective effects.

Characteristics and pharmacokinetics of
GLP-1 receptor agonists

Glucagon-like peptide-1 receptor agonists
(GLP-1RAs) constitute a structurally diverse
class of peptide therapeutics that activate the
GLP-1 receptor, a Class B G protein-coupled
receptor. They reproduce the physiological
actions of endogenous GLP-1, primarily glu-
cose-dependent insulin stimulation, glucagon
suppression, and delayed gastric emptying.
However, native GLP-1 secreted by intestinal
L-cells has a plasma half-life of only 1-2 min-
utes due to rapid inactivation by dipeptidyl
peptidase-4 (DPP-4), which cleaves the pep-
tide bond at the N-terminus between alanine at
position 8 (Ala8) and glutamate at position 9
(Glu9). Consequently, the therapeutic utility of
GLP-1RAs relies entirely on targeted structural
modifications that confer resistance to enzy-
matic proteolysis and prolong systemic expo-
sure [14,15].

Clinically utilized agents are categorized
into short-acting (exenatide, lixisenatide) and
long-acting formulations (liraglutide, dulaglu-
tide, semaglutide), alongside the structurally
related dual GIP/GLP-1 receptor agonist, tirze-
patide [16]. Most GLP-1RAs require subcutane-
ous administration due to the poor gastrointes-
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tinal stability and limited passive permeability
inherent to peptide drugs.

Short-acting agents are based on the exen-
din-4 structure and exhibit natural DPP-4 resis-
tance due to an amino acid substitution at posi-
tion 8 (e.g., Ala8—Gly in exenatide). Lixisenatide
features an additional C-terminal modification
of six lysine residues. With half-lives of approxi-
mately 2-4 hours, these agents are administered
once or twice daily. Because their intermittent
pharmacokinetic profile prevents the develop-
ment of receptor tachyphylaxis, short-acting
agents persistently slow gastric emptying, mak-
ing them highly effective at blunting postprandi-
al glucose excursions [17,18].

Conversely, long-acting human GLP-1 an-
alogues provide continuous receptor stimu-
lation to achieve deeper reductions in fasting
glucose. Because continuous exposure induces
rapid tachyphylaxis to delayed gastric emp-
tying, their profound glycemic efficacy relies
predominantly on sustained fasting insulin se-
cretion and glucagon suppression [17]. Their
prolonged pharmacokinetics are engineered
through several distinct mechanisms. Liraglu-
tide incorporates a C16 fatty acid side chain
covalently attached to Lys26, which enables
reversible, non-covalent binding to plasma al-
bumin. This creates an endogenous depot that
shields the peptide from renal clearance, ex-
tending its half-life to approximately 13 hours
and permitting once-daily dosing [19,20].

Semaglutide represents arobust pharmaco-
kinetic refinement of this strategy. It introduces
an Ala8—Aib (a-aminoisobutyric acid) substi-
tution to strictly prevent DPP-4 cleavage, along-
side the acylation of Lys26 with a C18 fatty dia-
cid attached via a hydrophilic mini-PEG spacer.
These modifications drastically increase albu-
min affinity and limit renal clearance, extend-
ing the half-life to approximately 7 days to en-
able once-weekly subcutaneous dosing [21,22].
Tirzepatide utilizes a similar engineering strat-
egy by employing a C20 fatty diacid moiety that
supports robust albumin binding and yields an
approximate 5-day half-life [23-25]. Rather than
fatty acid acylation, dulaglutide achieves a 5-day
half-life via fusion of modified GLP-1 analogues
to an immunoglobulin IgG4 Fc fragment, which
increases molecular bulk to prevent glomerular
filtration [26].

Uniquely, semaglutide is also available as
an oral tablet. This is achieved through co-for-
mulation with the absorption enhancer sodi-
um N-[8-(2-hydroxybenzoyl)amino]caprylate
(SNAC), which promotes localized transcellu-
lar gastric absorption and buffers against pro-
teolytic degradation. Although absolute oral
bioavailability remains low (approximately
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1%) and requires administration under strict
fasting conditions, semaglutide’s long intrinsic
half-life sustains clinically useful systemic dis-
tribution with once-daily dosing [27,28].

Regarding elimination, GLP-1RAs avoid
major hepatic cytochrome P450 metabolism,
thereby minimizing pharmacokinetic drug-
drug interactions. While short-acting exenatide
undergoes primary clearance via glomerular
filtration and subsequent tubular proteolysis,
large fusion proteins (dulaglutide) and strong-
ly albumin-bound agents (liraglutide, sema-
glutide, tirzepatide) effectively evade renal
excretion. Instead, they are slowly cleared via
generalized, ubiquitous protein catabolism
pathways that degrade them into constituent
amino acids [16].

Molecular and cellular mechanisms in
pancreatic p-cells

The cellular actions of GLP-1 receptor ag-
onists are initiated through activation of the
glucagon-like peptide-1 receptor (GLP-1R),
aclass B1 G protein-coupled receptor highly
expressed in pancreatic B-cells [29]. Upon ag-
onist binding, the receptor undergoes struc-
tural transitions enabling its interaction with
heterotrimeric Gs proteins, resulting in activa-
tion of adenylyl cyclase and a rapid increase in
intracellular cyclic adenosine monophosphate
(cAMP) levels [14,30]. This signaling cascade
constitutes the molecular basis of the incretin
effect, whereby oral glucose administration
elicits a substantially greater insulin secreto-
ry response than an equivalent intravenous
glucose load [31]. Recent structural and sig-
naling studies have further demonstrated that
GLP-1R activity is spatially organized within
specialized signaling nanodomains that con-
centrate cAMP and its downstream effectors,
thereby enhancing signaling efficiency [29]. In
addition, GLP-1R signaling is not restricted to
the plasma membrane. Following activation,
the receptor undergoes dynamic trafficking be-
tween the cell surface and endosomal compart-
ments, allowing the persistence of intracellular
cAMP signaling after internalization [32]. This
compartmentalized signaling architecture con-
tributes to the regulation of downstream sig-
naling pathways involved in -cell function and
insulin secretion [29,32].

The increase in intracellular cAMP initiates
two complementary signaling pathways that
amplify glucose-stimulated insulin secretion.
The first is mediated by protein kinase A (PKA),
which promotes membrane depolarization
through modulation of ATP-sensitive potassi-
um (KATP) channels and facilitates the opening
of voltage-dependent calcium channels. The re-
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sulting influx of extracellular calcium serves as
a critical trigger for insulin granule exocytosis.
In addition to calcium entry through the plasma
membrane, cAMP signaling further enhances
intracellular calcium dynamics by promoting
calcium release from endoplasmic reticulum
stores through ryanodine receptors, thereby
strengthening the secretory response [33].

Alongside PKA activation, cAMP directly
engages asecond effector pathway through
exchange protein directly activated by cAMP
2 (Epac2), originally identified as a cAMP-reg-
ulated guanine nucleotide exchange factor in-
volved in regulated exocytosis [34]. Activation
of Epac2 stimulates the small GTPase Rapl,
which plays a central role in insulin granule
trafficking and recruitment of secretory vesi-
cles to the plasma membrane [35]. Consequent-
ly, the coordinated actions of PKA-dependent
calcium signaling and Epac2/Rapl-mediated
vesicle mobilization enhance the efficiency of
glucose-stimulated insulin secretion following
GLP-1 receptor activation.

The elevation of intracellular calcium gener-
ated through PKA- and Epac2-dependent sig-
naling ultimately converges on the exocytotic
machinery responsible for insulin release. Syn-
aptotagmins act as calcium sensors that couple
intracellular calcium signals to vesicle fusion
events [36]. Following calcium binding, these
proteins interact with membrane phospholip-
ids and components of the SNARE complex,
thereby facilitating fusion of insulin-containing
granules with the plasma membrane [37]. In
addition to predocked granules, B-cells recruit
newly arriving secretory vesicles that con-
tribute to sustained insulin secretion during
prolonged stimulation, a process enhanced by
cAMP signaling [37].

Importantly, insulin secretion is coordinat-
ed at the level of the entire pancreatic islet.
Gap junction-mediated coupling synchronizes
membrane potential oscillations, intracellu-
lar calcium dynamics, and secretory activity
between neighboring p-cells [38]. As a result,
local cAMP-dependent signals are integrated
across the islet, generating coordinated pulses
of insulin release that contribute to the mainte-
nance of glucose homeostasis [38].

Beyond its acute effects on insulin secretion,
cAMP signaling also regulates transcriptional
programs thatsupportlong-term -cell function
and growth. In pancreatic -cells, activation of
the cAMP/PKA pathway promotes phosphory-
lation of the transcription factor CREB and fa-
cilitates recruitment of its coactivator CRTC2
[39,40]. Following nuclear translocation, the
CREB/CRTC2 complex binds to cAMP-respon-
sive regulatory elements and stimulates tran-
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scription of genes involved in maintaining
B-cell identity and insulin production [39,41].
In addition to sustaining functional capacity,
this transcriptional program contributes to
adaptive B-cell growth through regulation of
cell-cycle genes. Notably, CREB-dependent sig-
naling increases cyclin D1 expression, thereby
promoting G1-to-S phase progression and sup-
porting B-cell proliferation [40].

The cytoprotective effects of GLP-1 receptor
signaling become particularly important under
conditions of glucolipotoxic stress. Akt activa-
tion attenuates endoplasmic reticulum stress
by increasing BiP expression and suppressing
CHOP signaling [42]. In parallel, this pathway
promotes cell survival by inhibiting pro-apop-
totic proteins such as Bax and Bad while en-
hancing the activity of anti-apoptotic factors
including Bcl-2 and Bcl-xL [43]. Furthermore,
Akt-mediated inhibition of GSK-3f contributes
to the stabilization of PDX-1, which is essen-
tial for maintaining B-cell identity and insu-
lin-secretory function [44]. Collectively, these
mechanisms contribute to the preservation of
functional B-cell mass and provide a molecular
basis for the protective effects of GLP-1 recep-
tor agonists on pancreatic islets.

Metabolic and neuroendocrine effects

The metabolic and neuroendocrine path-
ways linking central and peripheral control of
appetite and nutrient sensing are influenced
by GLP-1 [5,7]. Following food consumption,
GLP-1 is released by endocrine L-cells in the
gut, activating vagal afferent neurons. Via the
nucleus tractus solitarius (NTS) and the area
postrema (AP), this pathway carries visceral
signals to higher regulatory centers [7,45,46].
These structures, in conjunction with the va-
gal nuclei, constitute the dorsal vagal complex,
which combines circulating chemical signals,
afferent input, and the gastrointestinal sys-
tem’s autonomic outputs [45,47]. Because of
their greater stability, pharmacological GLP-1
agonists can influence specific brain regions,
such as the AP, brainstem, and hypothalamus,
as well as periventricular and circumventricu-
lar areas. While AP and NTS circuit activation
aids in satiety and the cessation of food intake,
overstimulating these circuits can also result
in nausea, vomiting, aversion, and overfullness
[47,48].

Apart from peripheral signaling, the brain
has its own system for generating GLP-1. GLP-
1 is synthesized in the CNS by preproglucagon
neurons, which are found in the caudal NTS.
These neurons produce GLP-1 from prepro-
glucagon and express the Gcg gene. Stress re-
actions and feeding behavior are influenced
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by locally released GLP-1 [49]. Visceral affer-
ent input, gastrointestinal distension, stress,
and endocrine signals like cholecystokinin and
leptin all affect its activity [49,50].

The G-protein-coupled receptor GLP-1R con-
trols the cAMP signaling in neurons. PKA- and
EPAC-dependent pathways are triggered, chang-
ing transcription, synaptic transmission, neuro-
nal excitability, and ion channel activity [29].
Following activation, the receptor may degrade,
internalize into endosomal compartments,
become phosphorylated, or return to the cell
membrane. GLP-1R signaling intensity and du-
ration are controlled by these mechanisms [32].
In addition to altering cellular responsiveness,
prolonged receptor stimulation may also cause
desensitization or tachyphylaxis [32,51].

GLP-1R stimulation activates anorexigen-
ic POMC/CART neurons in the hypothalamic
arcuate nucleus via cAMP and PKA signaling.
By raising L-type calcium currents, these cas-
cades have anorexigenic effects. In the process,
satiety signaling is improved and food intake
is decreased[52]. On the other hand, orexi-
genic NPY/AgRP neurons are suppressed by
GLP-1R-related inhibitory pathways via GAB-
Aergic mechanisms. This reduces appetite and
causes the hypothalamic balance to change in
favor of satiety-promoting activity [53,54].

Synaptic transmission is altered in re-
ward-related brain regions by GLP-1R activa-
tion. NTS GLP-1 neurons connect mesolimbic
food reward with brainstem satiation signals
by projecting to the ventral tegmental area
(VTA) and nucleus accumbens (NAc) [55]. GLP-
1R activation in the NAc core increases gluta-
matergic transmission mediated by AMPA/
kainate receptors, which prevents feeding
[56]. By decreasing excitatory synaptic drive
onto mesolimbic dopamine neurons in the
VTA, GLP-1 can also decrease consumption of
high-fat foods [57]. The motivational value of
appetizing food and reward-based intake are
diminished by these glutamatergic and dopa-
minergic processes [55-57].

GLP-1R agonists affect vagal reflexes, brain-
stem autonomic regulation, and stomach motil-
ity. All of these mechanisms work together to
prevent stomach emptying. Proximal stomach
compliance, antral food fragmentation, pyloric
opening, and duodenal feedback are all neces-
sary for the mechanism to function [58-60]. In
a physiological sense, eating causes intestinal
GLP-1 to be released from L-cells, delaying the
transit of stomach contents to the duodenum.
The biological half-life of native GLP-1 is brief
due to its degradation by DPP-4. Consequently,
vagal afferent fiber localization has significant
physiological significance. Information is sent
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to the NTS via this pathway, and the dorsal mo-
tor nucleus of the vagus transforms the signal
into autonomic output by the dorsal vagal com-
plex [7,45,61].

The motor pattern necessary for gastric
emptying is altered by the vagal-brainstem re-
flex. Because GLP-1 decreases antral and duo-
denal contractility, the antral pump’s ability to
grind solid food and move chyme in the direc-
tion of the pylorus is diminished. GLP-1 simul-
taneously creates functional resistance at the
gastric outlet by increasing tonic and phasic
pyloric activity [59].

GLP-1 uses enteric pathways to affect the gas-
tric antrum as well. Nitric oxide plays a role in
one mechanism by relaxing the smooth muscle
of the stomach and decreasing the antral mo-
tility [62]. Nutrition enters the small intestine
more slowly as a result. As demonstrated spe-
cifically with semaglutide in obesity, this aids in
lowering postprandial glucose peaks [58,63].
Retained stomach contents, nausea, vomiting,
and post-meal fullness can all be symptoms of
delayed gastric emptying [47,64,65].

The length of time and pattern of GLP-1R
stimulation determine how strong this effect is.
Rapid tachyphylaxis may result from prolonged
exposure to GLP-1, most likely due to vagal ner-
vous system activation [17]. This explains the
tendency for short-acting GLP-1R agonists to
more significantly postpone gastric emptying
than long-acting agonists. Because retained
gastric contents can increase the risk of aspi-
ration and regurgitation, clinicians should con-
sider delayed gastric emptying before anesthe-
sia or endoscopy [47].

Cardioprotective and vascular mechanisms

Cardiovascular protection observed during
treatment with GLP-1 receptor agonists is not
limited to glucose lowering or body weight
reduction. These drugs also influence cellular
processes in the myocardium, vascular endo-
thelium, vascular smooth muscle cells and in-
flammatory cells. GLP-1R is a G-protein-cou-
pled receptor, and its activation may stimulate
cAMP-dependent signaling, including PKA,
EPAC, AMPK and PI3K/Akt pathways. In cardio-
vascular tissues these cascades are associated
with improved cell survival, better mitochon-
drial function and reduced inflammatory acti-
vation [66,67]. Although the exact distribution
of GLP-1R in adult cardiomyocytes remains
discussed, many cardioprotective effects can
be explained by combined actions on endothe-
lial cells, immune cells, autonomic regulation
and cardiometabolic stress [68,69].

One of the most important aspects of GLP-
1RA activity is their influence on cardiac re-
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modeling. In heart failure and diabetic cardio-
myopathy, chronic metabolic stress promotes
cardiomyocyte hypertrophy, mitochondrial dys-
function, impaired calcium handling, apoptosis
and interstitial fibrosis. GLP-1RAs may counter-
act these processes by activating AMPK-depen-
dent signaling and regulating the mTOR path-
way, which supports more balanced autophagy
and limits pathological hypertrophic growth.
They may also improve mitochondrial bioener-
getics and reduce endoplasmic reticulum stress,
thereby decreasing cardiomyocyte apoptosis
and preserving contractile function [66,69]. In
the fibrotic component of remodeling, these
drugs are thought to reduce the activation of
fibroblasts and the production of extracellular
matrix indirectly through lowering oxidative
stress, inflammatory cytokines and adipose tis-
sue-related cardiometabolic burden [69].

The endothelium is another major target of
GLP-1RA-mediated cardiovascular protection.
Under hyperglycemic, lipotoxic and inflamma-
tory conditions, endothelial cells produce ex-
cessive reactive oxygen species, mainly through
NADPH oxidase activation and mitochondrial
dysfunction. This decreases nitric oxide bio-
availability and favors vasoconstriction, leuko-
cyte adhesion and vascular stiffness. GLP-1RAs
may restore endothelial function by increasing
eNOS activity through PI3K/ Akt and AMPK
pathways, which enhances nitric oxide produc-
tion and improves vasodilation [68,70]. At the
same time, they reduce the expression of adhe-
sion molecules such as ICAM-1 and VCAM-1, as
well as inflammatory mediators including TNF-a
and IL-6. This weakens leukocyte-endothelium
interactions and may slow the early stages of
atherosclerotic plaque formation [67,71].

The relationship between GLP-1RAs, oxida-
tive stress and inflammation is especially im-
portant in atherosclerosis. In endothelial cells
and macrophages, excessive ROS activates NF-
kB signaling, which increases cytokine release
and promotes the recruitment of immune cells
into the vascular wall. GLP-1RAs can reduce ROS
generation, support mitochondrial homeostasis
and limit excessive mitophagy. These effects
are connected with inhibition of inflammato-
ry signaling and protection against endothelial
dysfunction [67,68]. In macrophages, GLP-1RA
activity is also associated with suppression of
the NLRP3 inflammasome. This pathway nor-
mally promotes caspase-1 activation, IL-1f3
and IL-18 release and pyroptosis. By reducing
NLRP3 activation, GLP-1RAs may decrease mac-
rophage-driven inflammation, limit foam cell
formation and contribute to plaque stabiliza-
tion [67]. In vascular smooth muscle cells, these
drugs may additionally reduce abnormal pro-
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liferation, migration and phenotype switching,
partly through inhibition of NF-xB, ERK1/2 and
oxidative stress-related pathways [67].

These molecular and cellular mechanisms
are reflected in emerging clinical applications.
In the SELECT trial, semaglutide reduced ma-
jor adverse cardiovascular events in patients
with overweight or obesity and established
cardiovascular disease without diabetes [72].
In patients with obesity-related heart failure
with preserved ejection fraction, semaglutide
improved symptoms, physical limitation and
exercise capacity, and was also associated with
lower inflammatory markers such as C-reactive
protein [73,74]. These observations suggest that
GLP-1RAs may act as cardiometabolic and an-
ti-inflammatory agents. However, their vascular
and myocardial benefits should be interpreted
as the result of several overlapping mechanisms
rather than asingle receptor-dependent path-
way. Further studies are needed to determine
which cellular targets are most important in dif-
ferent cardiovascular phenotypes.

Emerging clinical applications in
nephrology

The nephroprotective effects of glucagon-like
peptide-1 receptor agonists (GLP-1RAs) have
been well described, but it does not solely re-
sult from systemic effects such as improved
glycaemic control, reduced blood pressure, or
weight loss. Increasing evidence indicates that
GLP-1RAs may also exert direct effects within
the renal tissues by modulating renal haemo-
dynamics, reducing production of reactive ox-
ygen species (ROS), and attenuate glomerular
inflammation [75-81].

The GLP-1 receptor is a transmembrane re-
ceptor coupled to the Gas protein which, upon
ligand binding, it activates the canonical sig-
nalling cascade associated with increased in-
tracellular cyclic adenosine monophosphate
(cAMP) levels and activation of protein kinase
A (PKA) [29]. Preclinical studies in animal
models have suggested that activation of GLP-
1R in afferent glomerular arterioles induces
phosphorylation of multiple transmembrane
potassium channels, including ATP-sensitive
potassium channels (K, ), voltage-sensitive
potassium channels (K ), large-conductance
calcium-activated potassium channels (BK_),
and inward rectifier potassium channels (K ),
leading to rapid hyperpolarisation of the cell
membrane. As a consequence, voltage-operat-
ed calcium channels (VOCCs) close, intracellu-
lar Ca®* concentrations decrease, and vascular
smooth muscle relaxation occurs, leading to va-
sodilation [29,77,81,82]. In parallel, increased
intracellular cAMP activates exchange protein
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directly activated by cAMP (EPAC), which stim-
ulates ryanodine receptors (RYR) in the sar-
coplasmic reticulum, resulting in Ca®* release.
This, in turn, opens BK_, channels in the plas-
ma membrane, further enhancing membrane
hyperpolarisation and promoting vascular re-
laxation [29,81,82]. A second mechanism by
which GLP-1R agonists induce vasodilation
involves endothelial cells of the afferent arteri-
oles, where PKA directly phosphorylates endo-
thelial nitric oxide synthase (eNOS), increasing
nitric oxide (NO) production [78,83,84]. The
aforementioned effects leading to afferent ar-
teriole vasodilation may increase local glomer-
ular perfusion and reduce ischemia.

GLP-1RAs also directly inhibit the sodium-
hydrogen exchanger 3 (NHE3) located in the
brush border of proximal tubular cells, there-
by increasing sodium excretion [78,80,81,85].
The increased sodium load reaching the macu-
la densa is transported into these cells via the
Na*-K*-2Cl" cotransporter (NKCC2), inducing
increased sodium-potassium ATPase activi-
ty. The enhanced ATP consumption leads to
elevated intracellular adenosine generation,
which is subsequently released into the extra-
cellular space. Adenosine then binds to Al ad-
enosine receptors on the afferent arteriole, in-
ducing vasoconstriction [77,81]. Itis important
to note that although the direct effects of GLP-
1RAs on afferent arterioles mediated through
vascular smooth muscle cells and increased NO
availability promote vasodilation in diabetic
nephropathy, where glomerular hyperfiltra-
tion is typically present, the tubuloglomerular
feedback mechanism may predominate. This
results in constriction of the afferent arteri-
ole, reduction of intraglomerular pressure, and
protection of the filtration barrier [77,81,86].

Experimental data from both in vitro and in
vivo studies indicate that GLP-1RAs protect the
glomerular filtration barrier, including through
direct effects on podocytes, where activation of
the GLP-1R/cAMP/PKA pathway leads to phos-
phorylation of 5" AMP-activated protein kinase
(AMPK) [78-80,87]. Phosphorylated AMPK ac-
tivates nuclear factor erythroid 2-related fac-
tor 2 (Nrf2). Nrf2 dissociates from Kelch-like
ECH-associated protein 1 (Keap1) and translo-
cates to the cell nucleus, where it induces the
expression of genes encoding antioxidant en-
zymes, including superoxide dismutase (SOD),
catalase (CAT), glutathione synthetase (GSS),
and haem oxygenase-1 (HO-1). These enzymes
neutralise harmful reactive oxygen species,
thereby reducing oxidative stress and contrib-
uting to preservation of the filtration barrier
[80,84,87,88].
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Experimental data also suggest that phos-
phorylated AMPK activates the transcription
factors Forkhead box protein 01 (FOX01) and
03 (FOXO03), which are involved in mitochon-
drial homeostasis, including among other pro-
cesses, autophagic clearance of damaged or-
ganelles and indirect support of mitochondrial
regeneration, ultimately helping to restore nor-
mal cellular respiration [80,88,89]. It has also
been proposed that FOXO activation in immune
cells infiltrating the glomeruli may promote
differentiation of T lymphocytes into regulato-
ry T cells (Tregs), thereby suppressing the in-
flammatory response [75,88]. In addition, ac-
tivation of GLP-1R signalling through PKA may
lead to phosphorylation and inhibition of kB
kinase (IKK). Inhibition of IKK prevents deg-
radation of the nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor
alpha (IxBa). As aresult, IkBa remains in the
cytoplasm and prevents the nuclear transloca-
tion of the nuclear factor kappa-light-chain-en-
hancer of activated B cells (NF-«xB). Inhibition
of this canonical pro-inflammatory pathway
limits the production of inflammatory me-
diators, including TNF-a, IL-1p, IL-6, MCP-1,
TGF-B1, a key mediator of glomerular fibrosis
[78,79,90].

The nephroprotective effects of GLP-1RAs in
humans have been demonstrated in large ran-
domised clinical trials. In the FLOW trial, pub-
lished in 2024, the effect of semaglutide on the
progression of chronic kidney disease in pa-
tients with type 2 diabetes was evaluated. The
study demonstrated a 24% reduction in the
risk of the primary composite endpoint, which
included kidney-related death, end-stage kid-
ney disease, or a sustained decline in estimat-
ed glomerular filtration rate [75,91]. Further-
more, an observational target trial emulation
analysis showed a significant 27% reduction
in the risk of nephropathy progression when
a GLP-1RA was added to ongoing therapy with
SGLT2 inhibitors, compared with the addition
of aDPP-4 inhibitor or asulfonylurea. The
analysis also showed no significant increase in
the risk of adverse events such as acute pancre-
atitis or diabetic retinopathy [92].

Although the clinical reduction in renal risk
is well established, the multifaceted effects of
GLP-1RAs on the nephron described above re-
quire further investigation. Such studies are
necessary to determine the relative importance
of individual cellular mechanisms and to verify
the extent to which findings from experimental
models, both in vitro and animal studies, trans-
late into direct nephroprotective effects in hu-
mans [75,77,78,81,92].



Kurowski et al. Medical Journal of Cell Biology (2026)

Emerging clinical applications in neurology
and safety considerations

GLP-1 receptor agonists are increasingly re-
garded as therapeutic agents with biological
effects extending beyond glycemic control and
weight reduction. Their relevance to neurolo-
gy is supported by the expression of GLP-1 re-
ceptors in brain regions involved in cognition,
autonomic regulation, reward processing and
neuroendocrine integration [7]. At the cellu-
lar level, GLP-1 receptor activation may influ-
ence neuroinflammation, oxidative stress, mi-
tochondrial function, autophagy and neuronal
insulin signaling. These mechanisms provide
arationale for investigating GLP-1 receptor
agonists as potential neuroprotective agents,
although most neurological indications remain
experimental [93].

Neuroprotective potential in Alzheimer’s disease

Alzheimer’s disease is one of the main neu-
rodegenerative conditions in which GLP-1 re-
ceptor agonists have been investigated. The
rationale is based on the overlap between
neurodegeneration, impaired cerebral glucose
metabolism, brain insulin resistance, mito-
chondrial dysfunction and chronic neuroin-
flammation [94]. Experimental studies suggest
that GLP-1 receptor agonists may reduce mi-
croglial activation, improve neuronal energy
metabolism and modulate pathways associat-
ed with amyloid-beta and tau pathology. How-
ever, translation into clinically meaningful dis-
ease modification remains uncertain, and these
agents should not currently be described as
established treatment for Alzheimer’s disease
[95]. A randomized clinical study with liraglu-
tide suggested preservation of cerebral glucose
metabolism in patients with Alzheimer’s dis-
ease, but it did not provide definitive evidence
of cognitive improvement [96].

Potential role in Parkinson’s disease

Parkinson’s disease is another important field
of GLP-1 receptor agonist research because its
pathophysiology includes mitochondrial dys-
function, oxidative stress, neuroinflammation
and progressive dopaminergic neuronal loss.
GLP-1 receptor agonists may theoretically sup-
port dopaminergic neuron survival by reducing
inflammatory signaling and improving cellular
stress responses [93]. Exenatide was one of the
first GLP-1 receptor agonists tested clinically in
Parkinson’s disease. An earlier randomized tri-
al suggested possible motor benefit after treat-
ment, but a later phase 3 study did not confirm
aclear disease-modifying effect, showing that
early signals require validation in larger trials
[97,98]. Lixisenatide has also been investigated
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in early Parkinson’s disease. In a phase 2 trial,
lixisenatide was associated with less progres-
sion of motor disability over 12 months, but gas-
trointestinal adverse effects were frequent and
longer studies are required [99].
Reward and addiction-related
disorders

GLP-1 receptor signaling also interacts with
reward-related neural circuits, particularly me-
solimbic dopaminergic pathways. This creates
a mechanistic rationale for investigating GLP-
1 receptor agonists in alcohol use disorder,
nicotine dependence and other substance use
disorders [100]. Preclinical evidence suggests
that GLP-1 receptor activation may reduce re-
ward-seeking behavior, craving-like responses
and substance intake. These effects appear to
be mediated by modulation of dopamine and
glutamatergic neurotransmission rather than
only by appetite suppression [101]. In alcohol
use disorder, exenatide reduced alcohol cue-re-
activity in reward-related brain areas but did
not clearly reduce heavy drinking days in the
entire study population [102]. A small random-
ized trial of semaglutide showed reductions in
selected alcohol consumption outcomes and
craving, but larger studies are needed before
clinical recommendations can be made [103].

pathways

Safety profile and molecular basis of adverse
effects

The most common adverse effects of GLP-1
receptor agonists are gastrointestinal, includ-
ing nausea, vomiting, diarrhea, constipation,
abdominal discomfort and reduced appetite.
These symptoms are usually dose-dependent
and are most pronounced during treatment
initiation or dose escalation [104]. The mech-
anism of gastrointestinal intolerance involves
peripheral and central GLP-1 receptor path-
ways related to nausea, satiety and gut-brain
communication. Brainstem structures such as
the area postrema and nucleus tractus solitari-
us are particularly relevant to nausea and vom-
iting during treatment [105]. Pancreatitis has
historically been considered a rare but clinical-
ly relevant concern, although a strong causal
relationship has not been confirmed in long-
term randomized trials. Symptoms suggestive
of acute pancreatitis still require immediate
clinical evaluation and temporary discontinu-
ation until the diagnosis is clarified [104,106].
Gallbladder and biliary tract disorders are
more consistently recognized safety concerns.
GLP-1 receptor agonists have been associated
with increased risk of gallbladder and biliary
disease, especially with higher doses, longer
treatment duration and use for weight reduc-



Kurowski et al. Medical Journal of Cell Biology (2026)

tion [107]. Hypoglycemia is uncommon during
GLP-1 receptor agonist monotherapy because
insulin secretion remains glucose-dependent.
The risk increases when these drugs are com-
bined with insulin or sulfonylureas, which may
require adjustment of the accompanying glu-
cose-lowering therapy [7]. Diabetic retinop-
athy worsening has been reported mainly in
the context of rapid improvement in glycemic
control rather than proven direct retinal toxic-
ity. Thyroid C-cell tumors remain a theoretical
concern based mostly on animal data, which
explains contraindications in patients with
personal or family history of medullary thyroid
carcinoma or multiple endocrine neoplasia
type 2 [104,108].

Clinical implications and limitations

Current evidence indicates that GLP-1 re-
ceptor agonists should not be viewed only as
glucose-lowering agents. Their effects on in-
sulin secretion, glucagon suppression, gastric
emptying, appetite regulation and body weight
reduction explain why this drug class has grad-
ually moved beyond diabetology, although in-
dividual agents still differ in pharmacokinet-
ics, duration of action and tolerability [15]. An
important turning point was the observation
that cardiovascular benefit may also occur in
patients without diabetes. In the SELECT trial,
semaglutide reduced major adverse cardiovas-
cular events in individuals with overweight or
obesity and established cardiovascular disease,
which suggests that GLP-1 receptor agonism
may modify cardiovascular risk through mech-
anisms not restricted to glycemic control [72].
This interpretation is supported by pooled
randomized evidence. Alarge meta-analysis
showed that GLP-1 receptor agonists reduced
clinically relevant kidney outcomes, kidney fail-
ure, major cardiovascular events and all-cause
mortality, although treatment discontinuation
due to adverse events was more frequent in the
active treatment groups [109]. From a transla-
tional perspective, these findings suggest that
GLP-1 receptor agonists act through several
overlapping biological processes rather than
through one dominant pathway. Weight reduc-
tion, improved cardiometabolic parameters,
lower ectopic adiposity and modulation of sys-
temic inflammation may all contribute to organ
protection. Experimental and clinical data in-
dicate that GLP-1-based therapies can reduce
inflammatory signaling through both weight
loss-dependent and weight loss-independent
mechanisms, including effects on cytokine re-
lease, immune cell activity, NF-kB-related path-
ways and neuroimmune communication [110].
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At the same time, the quality of evidence is not
equal across all proposed indications. Cardio-
vascular and kidney outcomes are supported
by large randomized outcome trials, where-
as some newer applications remain closer to
mechanistic or early translational research.
This is particularly relevant in neurology,
where selected GLP-1 receptor agonists may
engage central nervous system pathways, but
blood-brain barrier penetration differs be-
tween agents, and human evidence is still of-
ten indirect or based on imaging and biomark-
er observations rather than definitive clinical
endpoints [111]. Several limitations should
therefore be taken into account. Many pivotal
trials included selected high-risk populations,
such as patients with established cardiovascu-
lar disease, obesity, type 2 diabetes or chronic
kidney disease. As a result, the findings cannot
be automatically transferred to younger pa-
tients, lower-risk groups or primary prevention
settings. In addition, current follow-up periods
may still be too short to fully assess very long-
term outcomes and safety. Safety and tolerabil-
ity remain important issues in chronic GLP-1
receptor agonist therapy. A systematic review
and meta-analysis of randomized trials report-
ed increased risks of cholelithiasis and gas-
troesophageal reflux disease, emphasizing the
need for careful monitoring of adverse events
during treatment [112]. Psychiatric safety also
needs cautious interpretation. A meta-analysis
of randomized controlled trials did not show
an increased risk of psychiatric disorders, de-
pression, anxiety or suicidal behavior during
GLP-1 receptor agonist therapy. However, pa-
tients with moderate or severe mental illness
are often excluded from clinical trials, and psy-
chiatric adverse events are rarely predefined
endpoints, which limits the applicability of
these results to patients with pre-existing psy-
chiatric disorders [113]. Overall, GLP-1 recep-
tor agonists represent a promising therapeutic
class with effects across metabolic, vascular,
renal, inflammatory and possibly neurological
pathways. Future research should include lon-
ger follow-up, more diverse populations, direct
comparisons between incretin-based agents
and mechanistic studies that can distinguish
direct receptor-mediated effects from second-
ary consequences of weight loss and metabolic
improvement.

Conclusions

Current evidence indicates that GLP-1 re-
ceptor agonists represent a therapeutic class
whose clinical value extends beyond glucose
lowering. Their effects on insulin secretion,
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glucagon suppression, gastric emptying, appe-
tite regulation and body weight reduction pro-
vide the mechanistic basis for their established
role in type 2 diabetes and obesity [15]. At the
same time, increasing experimental and clinical
data suggest that these agents may also mod-
ulate cellular stress, inflammation, oxidative
injury, mitochondrial function, apoptosis and
tissue remodeling [110]. These mechanisms
help explain their cardioprotective, nephropro-
tective and potentially neuroprotective effects
[72,109,111].

The strongest evidence currently supports
cardiovascular and renal benefits, especially in
patients with obesity, type 2 diabetes, chron-
ic kidney disease or established cardiovascular
disease [72,109]. Neurological and addiction-re-
lated applications remain promising, but they
require further validation in larger randomized
trials with clinically meaningful endpoints [111].
Future studies should determine which effects
are directly mediated by GLP-1 receptor signal-
ing and which result from secondary improve-
ments in weight, glycemia and cardiometabolic
status. Long-term safety, tolerability and treat-
ment persistence also remain important areas of
investigation, particularly in broader and more
diverse patient populations [112,113]. Over-
all, GLP-1 receptor agonists should be viewed
as multifunctional cardiometabolic agents with
expanding clinical relevance and substantial po-
tential for future therapeutic development.
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