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Abstract: Glucagon-like peptide-1 (GLP-1) is a hormone possessing extensive pharmacologic poten-
tial. Additionally, to its multiple metabolic effects, GLP-1 also exhibits cardiac and neuroprotective
effects. Native GLP-1 is not used as a medicinal agent, however, now GLP-1 analogues structurally
similar to it and having a long-lasting effect have been developed and used in the treatment of type
2 diabetes mellitus (T2DM). The review focuses on the neuroprotective effect of these drugs and
discusses possible mechanisms of this effect. Aim: To identify information about experimental and
clinical evidence about the role of GLP-1 analogues in brain protection in neurodegenerative dis-
eases. Materials and Methods: The review was performed in accordance with the PRISMA 2020
statement; publications were searched for in the PubMed, MedLine, Web of Science, Scopus, and
Google Scholar databases covering the period from 2014 to 2024. Results: The publications provide
strong evidence of the association between T2DM and cognitive impairment, as well as information
on the effectiveness of GLP-1 analogues in the management of neurodegenerative diseases. Possible
mechanisms are discussed. Conclusion: This review shows that GLP-1 can prevent cognitive and
motor disorders. There is sufficient experimental evidence of the neurotropic activity of the drugs,
and clinical trials are ongoing.

Keywords: Alzheimer's disease; Parkinson's disease; glucagon-like peptide type 1; glucagon-like peptide type
1 receptor gene polymorphism; neuroprotective effect

1. INTRODUCTION

Investigation of the glucagon-like peptide type 1 (GLP-1) role began at the early last
century, when Sutherland E.W. and De Duve C. found that the extract of the gastrointes-
tinal mucosa contained a substance producing the effect similar to glucagon. In the 60s of
the XX century, cells similar to the pancreatic alpha cells were found in the intestinal mu-
cosa and described [1].

GLP-1 is an incretin hormone and it plays an important role in glucose metabolism
as well as glucose-dependent insulinotropic peptide (GIP) [2]. GLP-1 directly activates
receptors present in different organs and tissues. GLP-1 receptor mRNA was found to
express in multiple tissues with the highest expression observed in the lungs and pan-
creas, and lower expression in the stomach, intestines, kidneys, heart, and brain [3]. GLP-
1 receptors belong to the group of stimulatory G protein-coupled receptors. Binding of
GLP-1 to the receptor leads to activation of adenylate cyclase and higher production of
cAMP. Protein kinase A and cAMP-regulated nucleotide exchange factors are activated
under the influence of cAMP. This leads to changes in ion channel permeability, elevated
intracellular calcium concentrations and intensified exocytosis of insulin-containing gran-
ules in beta cells [4]. GLP-1 is also synthesized in the brain where it acts as a mediator, as
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it is involved in neuronal transmission [1]. However, endothelial cells ensuring the integ-
rity of the blood-brain barrier are capable of transporting GLP-1 to the brain. GLP-1 re-
ceptors are abundantly present on the vascular endothelium [5]. The interaction of the
receptor with GLP-1 ensures penetration of the latter through the blood-brain barrier via
cAMP-dependent vesicular transport. Parenterally administered GLP-1 analogues are de-
tected in the brain fairly rapidly [6].

All effects of GLP-1 can be conventionally divided into two groups - pancreatic (or
the ones occurring within the gastrointestinal tract (GIT)) and extrapancreatic ones (in-
cluding anti-inflammatory, neurotropic and cardiotropic effects). The review [7] describes
the anti-inflammatory effect of GLP-1 in various diseases of the cardiovascular system,
gastrointestinal tract (Crohn's disease, ulcerative colitis, and short bowel syndrome), liver,
kidneys, and respiratory tract. In addition, it shows its role in reducing neurogenic inflam-
mation in Alzheimer's disease (AD) and parkinsonism. The review [8] mentions cardio-
protective effect of GLP-1 receptor agonists (GLP1R). GLP1R agonists have been found to
be able to prevent ischemia-reperfusion injury of the heart. Long-term use of the drugs
mitigates development of adverse cardiac remodeling in myocardial infarction, hyperten-
sion, and diabetes mellitus. Agonists can protect the heart from oxidative stress and re-
duce expression of proinflammatory cytokines (IL-1f3, IL-6, TNF-a) in the myocardium.

The association between neurodegenerative disorders and metabolic disorders is
supporting by growing evidence. The review [9] presents the results of epidemiological,
non-clinical and clinical studies that establish a potential association between AD and
T2DM. Studies have shown that insulin resistance and deficiency affect the phosphoryla-
tion of B-amyloid and tau protein, which can lead to AD onset and development. People
with T2DM are at risk for cognitive impairment and dementia caused not only by AD but
also by cerebral vascular damage. For example, a meta-analysis [10] showed that T2DM
was associated with a 60% increased risk of dementia of any etiology. Possible mecha-
nisms of dementia development include toxic effects of hyperglycemia, brain insulin re-
sistance, formation of advanced glycation end products, and competition for the enzyme
that destroys insulin leading to inhibition of $-amyloid degradation. Some publications
refer AD as “type 3 diabetes” due to brain insulin resistance and dysregulation of insulin
signaling in the brain [11]. The study [12] demonstrated that impaired glucose supply to
the brain was closely associated with AD pathogenesis. Changes in brain glucose metab-
olism may begin long before the onset of AD clinical symptom:s.

Epidemiological studies also highlight the elevated risk of developing Parkinson's
disease (PD) in T2DM patients. A retrospective cohort study of Taiwanese patients
demonstrated the association between T2DM and PD risk. The high risk was noted in
patients over 65 years of age. The authors believe that the association between T2DM and
PD can be explained by the involvement of insulin in the regulation of dopaminergic ac-
tivity of the brain [13]. A study involving a large population of elderly adults in the United
States also established the association between T2DM and PD. Chronic inflammation or
oxidative stress are considered one of mechanisms, which can lead to diabetes and years
later to a high risk of PD [14].

Single publications indicate a genetic association of GLP1R gene polymorphisms and
predisposition to PD. The most common GLP1R gene polymorphisms are rs3765467 and
rs6923761. Changes of the amino acid sequence reduce sensitivity of the receptor to GLP-
1[15]. Analysis of polymorphisms in the Chinese Han population showed that frequency
of the rs3765467 GG genotype was significantly higher in the PD group versus the control
group. Genotype and allele frequencies for rs6923761 were not significantly different be-
tween PD patients and healthy subjects. That is, the GLP1R rs3765467 GG genotype pre-
sents a potential risk factor for PD [16].

This review focuses on studies and potential mechanisms of the neuroprotective ac-
tivity of GLP-1 analogues.
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2. MATERIAL AND METHODS

We analyzed articles in English devoted to this issue. Criteria for inclusion in search
were the following: 1) full-text original articles and reviews cited in databases: PubMed,
MedLine, Web of Science, Scopus, and Google Scholar, 2) articles in English, 3) search
depth 10 years 4) keywords: Alzheimer's disease, Parkinson's disease, glucagon-like pep-
tide type 1, glucagon-like peptide type 1 receptor gene polymorphism, neuroprotective
effect. Exclusion criteria: abstracts, monographs, manuals, guidelines. The review was
performed in accordance with the PRISMA 2020 statement.

3. RESULTS

The review focuses on the neurotropic activity of modified GLP-1 molecules (GLP-1
analogues). These agents provide a pharmacological effect due to direct activation of GLP-
1 receptors (GLP-1 receptor agonists, incretin mimetics). GLP-1 receptor agonists enhance
the functioning of beta cells, inhibit glucagon secretion by alpha cells, reduce hepatic glu-
cose production, prolong satiation time (through central mechanisms), slow gastric emp-
tying, and increase glucose uptake by peripheral tissues. Long-acting GLP-1 analogues
(dulaglutide, semaglutide) and a sustained-release dosage form of exenatide are admin-
istered subcutaneously once a week [17]. Like incretin, GLP-1 analogues penetrate the
blood-brain barrier and cause reduction of adipose tissue due to central effects at the level
of arcuate nucleus neurons [18]. This has been demonstrated for exenatide [19] and lirag-
lutide [20]..

3.1. Experimental Studies of Neuroprotective Activity of GLP-1 Analogues in Alzheimer's
Disease Models

In a study [21], in mice with induced neurodegeneration, subcutaneous administra-
tion of liraglutide once daily for 8 weeks provided a significant protective effect on the
central nervous system. Liraglutide was shown to improve aerobic glycolysis and reduce
oxidative stress in astrocytes, probably through involvement of the intracellular PI3K/Akt
pathway. This study suggests that altering the energetic phenotype may be effective in
slowing AD progression. Liraglutide testing in a concurrent model of T2DM and AD in
mice demonstrated promising results. Treatment with liraglutide not only eliminates met-
abolic changes and associated vascular damage in diabetic mice, but also simultaneously
limits the pathological changes of (3-amyloid and tau protein. A significant reduction in
brain atrophy in animals was also noted [22]. Administration of liraglutide to 6-month-
old AD mice improved mitochondrial dysfunction and prevented neuronal loss through
activation of the cAMP/protein kinase A pathway. In the same in vitro study, GLP-1 was
added to amyloid-{3-treated astrocytes. It was demonstrated that GLP-1 reduced mito-
chondrial fragmentation in B-amyloid-treated astrocytes, reduced energy stress, and in-
creased the production of brain-derived neurotrophic factor by astrocytes [23]. Based on
the evidence of a higher risk of AD in older women suffering from T2DM, the authors of
[24] examined brains of female mice with AD. Administration of liraglutide reduced (3-
amyloid levels and oxidative stress, and decreased the levels of inflammatory markers IL-
1P and C-reactive protein. Streptozotocin administration into the lateral ventricles induces
brain insulin resistance and it makes an AD model with several key neuropathological
signs. Streptozotocin increases neuroinflammation, 3-amyloid plaque deposition, and dis-
rupts insulin signaling pathway [25]. Paladugu L et al. (2021) studied the effect of lirag-
lutide on main pathological signs in the prodromal stage of AD induced in mice by the
administration of streptozotocin. Liraglutide injections significantly reduced neuroin-
flammation, brain $-amyloid levels, and restored insulin sensitivity [26]. Insulin receptor
changes are an important feature of the brain in AD that impairs the neuroprotective effect
of central insulin signaling. Administration of p-amyloid oligomers into the lateral ven-
tricle of non-human primate brain results in loss of insulin receptors and synapses in brain
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regions associated with memory. Batista A.F. et al. treated non-human primates with li-
raglutide. The drug provided moderate protection against loss of synaptophysin and syn-
apse density in the hippocampus, frontal cortex, and amygdala. The results also indicated
that liraglutide reduced the abnormal phosphorylation of tau protein in primate brain
[27]. In a study [28], the effect of liraglutide was tested in an in vifro model of neuronal
insulin resistance using the SH-SY5Y human neuroblastoma cell line. The authors present
the evidence that liraglutide alleviates neuronal insulin resistance, reduces (3-amyloid for-
mation and tau protein hyperphosphorylation. Additionally, liraglutide reduces the ac-
tivity of beta-secretase 1, which is involved in generation of toxic 3-amyloid [29]. An AD
model in 3xTg-AD mice receiving high-fat diet demonstrated the effect of exenatide (a
synthetic analogue of GLP-1). A high-fat diet caused significant weight gain in animals,
with little change in blood glucose levels. In addition, such a diet significantly reduced
cognitive function by disrupting brain-derived neurotrophic factor signaling. At the same
time, exenatide increased the expression levels of brain-derived neurotrophic factor in the
hippocampus and cortex and reduced neuroinflammation [30]. A study of the effect of
exenatide on cognitive functions by modulating the activity of brain-derived neurotrophic
factor was also performed in wild-type mice in [31]. After 2 months of treatment with
exenatide, an improvement in long-term memory was noted. Administration of exenatide
to 5xFAD transgenic mice significantly improved cognitive function after 16 weeks of
treatment. At the cellular level, exenatide reduced (3-amyloid deposition in the hippocam-
pus and improved mitochondrial morphology by reducing oxidative damage [32]. In pa-
tients with T2DM, impaired brain insulin signaling may increase the risk of cognitive im-
pairment. There is evidence of the effect of insulin monotherapy on improving memory
and slowing AD progression [33]. In [34], intranasal administration of insulin with ex-
enatide to AD mice had an effect on IRSP gene expression (a key mediator and effector of
the insulin receptor signaling pathway), learning ability, and 3-amyloid levels in the hip-
pocampus

3.2. Experimental Studies of Neuroprotective Activity of GLP-1 Analogues in Parkinson's
Disease Models

In [35], PD model in rats was induced by administration of the neurotoxin of 1-me-
thyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Animals treated with it showed a sig-
nificant reduction in dopamine levels in the striatum. In addition, PD model induced by
MPTP administration is characterized by increased levels of proinflammatory cytokines,
in particular IL-13 and TNF-a which directly induced apoptosis in dopaminergic neurons.
The use of exenatide significantly reduced the expression of IL-1 and TNF-a and in-
creased the activity of antioxidant enzymes. It was shown that the neuroprotective effects
resulted from the direct effect on the brain and were not related to blood glucose levels.
Normal blood glucose levels were achieved even with a low dose of exenatide, while the
neuroprotective effect increased with the increasing dose. The effect of oxyntomodulin
analogue was demonstrated on the same model in mice. Oxyntomodulin is a hormone
and growth factor and activates two receptors: GLP-1 and the glucagon receptor. D-Ser2-
oxyntomodulin is a protease-resistant oxyntomodulin analogue that has been developed
for diabetes treatment. Treatment with D-Ser2-oxyntomodulin prevented or reversed
MPTP-induced motor impairment in animals. MPTP decreased tyrosine hydroxylase lev-
els (in the substantia nigra and basal ganglia); synaptic marker synaptophysin, inactivated
the growth factor kinase Akt/PKB and the anti-apoptotic signaling molecule Bcl-2. It also
increased levels of the pro-inflammatory cytokine TNF-a. Administration of oxynto-
modulin analogue prevented those effects [36]. A recent study [37] using a model of
MPTP-induced neurodegeneration demonstrated the neuroprotective effect of liraglutide.
Exposure to MPTP also causes changes in mitochondrial morphology and formation of
megamitochondria. This can lead to loss of dopaminergic neurons and motor deficits in
experimental animals. Liraglutide protects dopaminergic neurons by reducing apoptosis,
rebalancing mitochondrial changes, reducing oxidative stress, and reducing a-synuclein
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in the substantia nigra. The study [38] evaluates the effect of liraglutide on the mitochon-
drial system. Administration of various doses of the drug to animals with PD model in-
duced by MPTP demonstrated a protective effect in the substantia nigra. The neuropro-
tective effect was shown to be associated with the PGC-1a activation pathway. Encoded
by the same gene, this protein regulates the biogenesis and changes of mitochondria, as
well as autophagy and cell apoptosis. Using the PD model induced by MPTP, Zhang L. et
al. demonstrated the effect semaglutide, the long-acting GLP-1 receptor agonist, versus
liraglutide. Both drugs reduced motor disorders caused in mice by MPTP administration.
Semaglutide and liraglutide increased tyrosine hydroxylase levels and reduced the in-
flammatory response and lipid peroxidation. Semaglutide was superior to liraglutide in
most parameters [39]. Later, the same authors showed the effect of semaglutide versus
liraglutide in a chronic PD model induced by MPTP administration. Both drugs increased
tyrosine hydroxylase levels, decreased a-synuclein accumulation, mitigated chronic in-
flammatory response in the brain, decreased lipid peroxidation, and inhibited the mito-
chondrial mitophagy signaling pathway. Additionally, the drugs were shown to influence
the expression of glial neurotrophic factor protecting dopaminergic neurons in the sub-
stantia nigra and striatum. This study also demonstrated the superiority of semaglutide
over liraglutide [40]. PD in animals is also induced by administration of rotenone. It is a
neurotoxin that primarily inhibits mitochondrial complex I with ATP depletion, leading
to the death of nigrostriatal dopaminergic neurons and increased formation of Lewy bod-
ies [41]. Administration of exenatide to rats with a rotenone-induced PD model caused
lower levels of malondialdehyde and TNF-a. In addition, exenatide treatment signifi-
cantly reduced the loss of dopaminergic neurons in the striatum [42]. The use of dulag-
lutide in rotenone-induced PD model in mice revealed its antioxidant and anti-inflamma-
tory properties as well as the ability to inhibit the formation of alpha-synuclein [43]. SH-
SY5Y human neuroblastoma cell line treated with 6-hydroxydopamine can be considered
to be an in vitro PD model. 6-hydroxydopamine can freely enter dopaminergic neurons
where it increases oxidative stress levels and triggers apoptosis. In addition, it can cause
accumulation of a-synuclein [44]. Liu D.X. et al. studied the effect of semaglutide and
liraglutide on SH-SY5Y cell cultures. The result confirmed the neuroprotective effect of
both drugs. The authors believed that semaglutide and liraglutide reduced oxidative
stress and reversed mitochondrial dysfunction. Semaglutide was demonstrated to be su-
perior in most parameters [45].

A sufficient number of studies have been devoted to studying the effect of dual GLP-
1/GIP agonists on various parameters in neurodegenerative disorders [46, 47, 48]. Dual
GLP-1/GIP agonists demonstrate distinct neuroprotective effects, reducing inflammation,
oxidative stress and apoptosis, and improving motor performance, dopaminergic neuron
function, and energy utilization in the brain [46]. In PD model induced by MPTP, new
dual agonists eliminated dopamine deficiency, increasing the level of tyrosine hydrox-
ylase, decreased the levels of proinflammatory cytokines, and increased the amount of
glial neurotrophic factor. The effects were more pronounced compared to liraglutide [47].
In AD models both in vivo and in vitro, the compounds demonstrate greater activity versus
liraglutide activity [48]. Thus, dual agonists may represent a promising new treatment for
neurodegenerative diseases.

3.3. Clinical Trials of GLP-1 Analogues for Treatment of Neurodegenerative Diseases

A pilot study enrolling T2DM patients demonstrated the effect of liraglutide on cog-
nitive function. Forty obese patients treated with metformin and having prediabetes or
newly diagnosed T2DM were divided into 2 groups. Half of them received liraglutide (1.8
mg/day), while the remaining subjects received lifestyle counseling (diet and exercise) un-
til weight loss was achieved (-7% of baseline body weight). Neuropsychological assess-
ments before and after weight loss were performed in 16 patients in each group using
seven psychological tests, assessing attention and memory. Following weight loss and im-
provement in insulin sensitivity, participants taking liraglutide experienced a significant
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improvement of short-term memory [49]. Mullins R.J. et al. conducted a pilot study of
exenatide in AD patients (2019). This small, randomized, double blind, placebo-controlled
study of 21 patients was designed to assess tolerability and, secondarily, to evaluate treat-
ment responses by clinical, cognitive, MRI, and biomarker outcomes. Exenatide demon-
strated a good safety and tolerability profile in all participants reducing body mass index
and improving glucose tolerance. Treatment with exenatide had no differences compared
to placebo in clinical and cognitive parameters, MRI cortical thickness and volume, and
biomarkers in cerebrospinal fluid, plasma, and plasma neuronal extracellular vesicles.
There was only a slight decrease in 3-amyloid levels in neuronal-enriched extracellular
vesicles. The authors were unable to draw definitive conclusions due to the small cohort
size and early termination of the study [50]. A randomized, placebo-controlled, double
blind clinical trial of 38 asthma patients was completed. 18 patients took liraglutide and
20 took placebo. Liraglutide prevented the reduction of brain glucose uptake, but no effect
was found on p-amyloid accumulation or cognitive function. The authors suggested that
the cohort size and duration of the study did not allow drawing definitive clinical conclu-
sions but the results could be used for further research [51]. Enrollment to the ELAD study
is currently ongoing. This is a 12-month, multicenter, randomized, double blind, placebo-
controlled, phase 2 study of liraglutide in participants with mild AD dementia. The pri-
mary objective of the ELAD study is to evaluate changes in brain glucose metabolic rate
after 12 months of treatment with liraglutide versus placebo. Secondary objectives include
assessing changes in cognitive performance, MRI changes, microglial activation, changes
in -amyloid and tau protein, and the frequency and severity of side effects occurring
during treatment. The authors are optimistic that if the study is successful, liraglutide
could be a step forward in the treatment of AD. The potential of the drug can subsequently
be further assessed in larger studies [52].

In a study [53], patients with PD were randomized to self-administer 2 mg exenatide
(n = 31) or placebo (n = 29) once weekly for 48 weeks. Patients were assessed using the
Movement Disorder Society Unified PD Rating Scale (MDS-UPDRS). The results showed
that compared to placebo treatment with exenatide was associated with positive and du-
rable effects on motor activity parameters. It remains unclear whether exenatide provides
impact on PD pathogenesis or simply causes long-term symptomatic effects. Another ar-
ticle described the testing serum parameters in the patients from study [53]. It demon-
strated that treatment with exenatide might be associated with enhancement of insulin
signaling pathways in the brain, as evidenced by IRS-1 tyrosine phosphorylation and ac-
tivated Akt and mTOR signaling. It was also found that the improvement in motor per-
formance observed on 48 and 60 weeks in the exenatide group could be explained by ac-
tivation of mTOR signaling [54]. A phase 2, double blind, randomized, placebo-controlled
study assessed the effect of lixisenatide on the progression of motor disorders in PD sub-
jects. A total of 156 subjects participated in the study, they were randomized into two
equal groups to receive subcutaneous lixisenatide or placebo for 12 months followed by a
2-month break. Baseline MDS-UPDRS Part IIl scores were approximately 15 in both
groups. After a year of treatment, the lixisenatide group showed a decrease in scores (-
0.04) indicating an improvement in motor functions. Whereas in the placebo group there
was a change of 3.04 points which indicated the progression of motor disorders. That is,
in patients with early PD, 12-month treatment with lixisenatide led to slower progression
of motor impairment versus the placebo group [55].

4. DISCISSION

GLP1R agonists present a promising class of antidiabetic drugs, and their popularity
as weight loss agents is growing every day [56]. However, the properties of agonists go
beyond the control of glucose levels and body mass index in patients with T2DM. Pub-
lished data indicate that GLP-1 and its analogues possess certain additional effects. Anti-
inflammatory, cardiotropic and neuroprotective effects are the most studied ones. Reports
of association between T2DM and cognitive impairment are increasingly common [9-14].
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Source [16] indicates a genetic association of GLP1R gene polymorphisms and predispo-
sition to PD. In this regard, drugs for T2DM management including GLP-1 analogues,
may bring certain benefit for protection against neurodegenerative disorders.

According to Yaribeygi H. et al. (2021), the neuroprotective effect of GLP-1 is realized
through at least 8 mechanisms that may explain improvement of cognitive functions in
neurodegenerative diseases [57]. They include reduction of oxidative stress, prevention of
neuronal apoptosis, stimulation of neurogenesis and neuronal plasticity, reduction of neu-
ronal inflammation, prevention of phosphorylation and aggregation of tau proteins and
[-amylode, reduction of neurotoxic effects, improvement of the sensitivity of nervous tis-
sue to the action of insulin, and direct neurotropic effects [1, 57]. The data from the ana-
lyzed publications partially confirm these findings. Thus, liraglutide improves aerobic
glycolysis and reduces oxidative stress in astrocytes, limits pathological changes in (3-am-
yloid and tau protein, improves mitochondrial dysfunction, and reduces neuroinflamma-
tion in various models of AD [21-24, 26-28]. In AD, exenatide increases the level of ex-
pression of brain-derived neurotrophic factor, reduces neuroinflammation and p-amyloid
deposition in the hippocampus, and changes mitochondrial dynamics [30-32]. In PD,
GLP-1 analogues also reduce neuroinflammation, increase the level of tyrosine hydrox-
ylase, reduce the accumulation of a-synuclein, and exhibit antioxidant properties. All this
contributes to the protection of dopaminergic neurons in the substantia nigra and striatum
[35-40, 42, 43, 45]. There is increasing evidence of clinical trials of GLP-1 receptor agonists.
Findings about clinical trials of these agents in PD patients seem to be more optimistic.
The use of exenatide and lixisenatide in PD partially stopped the progression of motor
disorders [53, 55].

5. CONCLUSION

This review demonstrates that additionally to improvement of glycemic parameters,
GLP-1 can also prevent cognitive and motor disorders. There are convincing experimental
data proving that these agents, in addition to their main effect, also exert certain neuro-
protective effect. The main mechanisms of neurotropic action include reduction of oxida-
tive stress, neuroinflammation, apoptosis, improvement of mitochondrial dysfunction,
and antioxidant action. Clinical data on the effect of GLP-1 analogues on cognitive and
motor functions in AD and PD patients are still insufficient, as well as information on
individual differences in the treatment of neurogenerative disorders with these drugs.
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