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ARTICLE INFO ABSTRACT

Key Words: Introduction: Glucagon-like Peptide-1 (GLP-1) and Glucagon-Like Peptide-1 receptor agonmist (GLP-1 RA)
GLP-1 administration has been associated with neuroprotective effects in neurodegenerative disorders. We conducted a
GLP-1 Receptor Agonists comprehensive synthesis of known effects of GLP-1 and GLP-1 RAs on the cognitive, cellular, and molecular
Neurodegeneration . . .
Alzheimor's changes in neurod‘egeneram‘/e‘dlseases. . . . . . . .
Parkinson’s Methods: We examined preclinical and clinical paradigms that investigated changes in neurodegenerative disease
Cognition pathology following administration of GLP-1 and GLP-1 RAs. Relevant articles were retrieved through OVID
(MedLine, Embase, AMED, PsychINFO, JBI EBP Database), PubMed, and Web of Science from database inception
to September 27th, 2024. Primary studies investigating the aforementioned changes following GLP-1 and GLP-1
RA administration were retrieved for analysis (n = 62).
Results: GLP-1 and GLP-1 RAs (i.e. dulaglutide, exenatide, liraglutide, lixisenatide, semaglutide, and tirzepatide)
improved cognitive and motor function in neurodegenerative diseases in preclinical and clinical paradigms.
Additionally, GLP-1 and GLP-1 RAs were associated with modulating changes in neuroinflammation, oxidative
stress, and proliferative pathways.
Discussion: We observed that GLP-1 and GLP-1 RAs modulate molecular and cellular changes known to govern
the phenomenology of neurodegenerative diseases. Future research should examine the interaction between
signaling molecules, neuronal subpopulations, and cognitive effects affected by GLP-1 and GLP-1 RA
administration.

1. Introduction

Glucagon-Like Peptide-1 (GLP-1) is a gut-derived incretin hormone
commonly used in antidiabetic therapy, promoting insulin secretion and
inhibition of glucagon secretion (Lutz and Osto, 2016). GLP-1 is also
synthesized and released locally by neurons within the nucleus tractus
solitarius (NTS), where it binds to GLP-1 receptors distributed on neu-
rons and glial cells of the central nervous system, with notable expres-
sion in the hypothalamus and cerebral cortex (Lee and Lee, 2017;
Muscogiuri et al., 2017; Lopez-Ferreras et al., 2023).

Neurodegenerative diseases are conditions characterized by the
progressive loss of neurons, which are classified based on clinical fea-
tures and symptoms, anatomical location of neurodegeneration, or

molecular abnormalities (Dugger and Dickson, 2017). Neurodegenera-
tive diseases manifest through symptoms such as cognitive deficits,
motor impairments, and depressive symptoms (Baquero and Martin,
2015). Various molecular and immunological processes such as oxida-
tive stress and neuroinflammation have been associated with the pro-
gression of neurodegenerative diseases (Teleanu et al., 2022).
Additionally, various molecular markers serve as hallmarks for disparate
neurodegenerative diseases. For example, phosphorylation of a-synu-
clein (a-syn) is associated with Parkinson’s Disease (PD), whereas am-
yloid beta (AB) plaque accumulation and tau neurofibrillary tangles are
characteristic of Alzheimer’s Disease (AD) (Sengupta and Kayed, 2022).

Extant literature has highlighted the neuroprotective role of GLP-1
and GLP-1 receptor agonists (GLP-1 RAs) (Velmurugan et al., 2012;
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Perry et al., 2003; McIntyre et al., 2013, 2025). GLP-1 has been shown to
attenuate the accumulation of AB and tau hyperphosphorylation
through the activation of Akt and GSK3p signaling (Bak et al., 2011; Shu
et al., 2019). Additionally, GLP-1 RAs exert anti-inflammatory effects in
the brain by attenuating hyperactivity of microglia and astrocytes,
which subsequently reduces the production of downstream cytokines
such as IL-1B and TNF-a (Kopp et al.,, 2022; Hogan et al., 2014).
Furthermore, GLP-1 RAs have also been linked with ameliorating
oxidative stress, which may partially subserve the mechanisms wherein
GLP-1 RAs induce neuroprotective effects (Kopp et al., 2022). In addi-
tion, GLP-1 RAs may ameliorate cognitive symptoms associated with
neurodegenerative conditions via increased levels of neurogenesis (Li
et al., 2010a). Notwithstanding, the mechanism whereby GLP-1 RAs
subserve improvements in symptoms for neurodegenerative diseases
remains to be elucidated.

Herein, we examine the effects of GLP-1 RAs on the cognitive effects
of neurodegenerative diseases, simultaneously examining changes in
neuronal populations, molecular pathways, and signaling molecules that
may subserve phenomenology. The overarching aim is to distinguish the
molecular pathways modulated by GLP-1 RAs that may contribute to
improvements in neurodegenerative symptoms.

2. Methods
2.1. Search strategy

This study was conducted in accordance with the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses (PRISMA) (Page
et al., 2021). Web of Science, OVID (MedLINE, Embase, AMED, Psy-
chinfo, JBI EBP), and PubMed were systematically searched for relevant
articles from database inception to September 27, 2024. The search
string for the search included: ("GLP-1" OR "Glucagon-Like Peptide-1"
OR "Glucagon-Like Peptide 1" OR “GLP-1 Agonist” OR “Glucagon-Like
Peptide-1 Agonist” OR “Glucagon-Like Peptide 1 Agonist” OR "Sem-
aglutide" OR “Ozempic” OR “Rybelsus” OR “Wegovy” OR "Dulaglutide"
OR “Trulicity” OR "Exenatide" OR “Byetta” OR “Bydureon” OR “Lir-
aglutide” OR “Lixisenatide™ OR “Tirzepatide”) AND (“Beta Amyloid” OR
“Amyloid Beta” OR “B-Amyloid” “Amyloid*” OR “Amyloidopath*” OR
“Tau” OR “Tau Protein” OR “aSyn” OR “a-Syn” OR “a-Synuclein” OR
“Synuclein*” OR “Synucleinopath*”’) AND (“Parkinson*” OR “Parkin-
sonian” OR “Alzheimer*” OR “Neurodegenerative” OR “Neuro-
degeneration” OR “Neuroprotect™”).

2.2. Study selection and inclusion criteria

Articles obtained from the systematic search were screened via
Covidence, wherein duplicate articles were removed (Covidence, 2024).
Two reviewers (H.A. and P.H.L.) individually screened the title and
abstracts based on the inclusion and exclusion criteria (Table 1). Pri-
mary articles were extracted for full-text screening by both reviewers if
they reported on changes associated with neurodegenerative disease
pathology (i.e. concentration of tau protein, cognitive deficits induced
by amyloidopathy) as a result of GLP-1 or GLP-1 RA prescription.

2.3. Data extraction

The piloted data extraction template was used to organize and
extract relevant data from included studies. Information of interest was
established a priori for human studies, including (1) author, (2) study
type, (3) sample size, (4) diagnoses, (5) mean age, (6) measurement
tools, (7) outcome of interest. Similarly, information to be extracted was
established a priori for animal studies, including (1) author, (2) study
type, (3) sample size, (4) diagnoses, (5) measurement tools, (6) outcome
of interest. Extraction was conducted by two independent reviewers (H.
A. and P.H.L.), wherein all conflicts were immediately resolved via
discussion. Outcomes of interest pertained to changes in amyloid, tau, or
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Table 1
Eligibility criteria.
Inclusion 1. A primary study,
Criteria 2. Human Studies,

3. Participants must have a diagnosis of a neurodegenerative

condition (i.e. Alzheimer’s Disease, Parkinson’s Disease),

4. Animal Studies,

5. Measurement of changes in f-amyloid, tau, a-synuclein, and

associated genes,

6. Full-text article available online,

. English language.

Exclusion 1. Non-primary or secondary research (i.e., literature reviews,
Criteria systematic reviews, meta-analyses, posters, abstracts, guide-
lines, protocols and theses),

. Participants must not be diagnosed with co-morbidities or
mixed diagnoses between different disorders,

. Case Studies,

. Cell Culture Studies,

. Reports an association without statistics,

. Full-Text is not available.

N N

U AW

synuclein pathologies mediated by GLP-1 and GLP-1 RAs.

2.4. Quality assessments

Quality assessment of randomized control trials was conducted using
the Quality Assessment of Controlled Intervention Studies from the
National Institute of Health (Ma et al., 2020; Study Quality Assessment
Tools, 2024). For animal studies, quality assessment was conducted
using the SYRCLE’s risk of bias analysis tool for animal studies
(Hooijmans et al., 2014). Relevant literature was assessed by two in-
dependent reviewers (H.A. and P.H.L.), wherein all conflicts were
resolved via immediate discussion. Further information on methodo-
logical quality assessments have been listed in the supplementary ma-
terials (Table S1, Table S2).

3. Results
3.1. Search results

A systematic database search generated a total of 591 studies,
wherein 4 articles were further obtained through citation searching.
Thirty-one duplicates were manually identified, and 192 duplicates
were identified by Covidence. Three hundred sixty eight studies un-
derwent title and abstract screening, with 268 articles deemed irrele-
vant. One hundred relevant full-text articles were retrieved and screened
based on the eligibility criteria (Table 1). Thirty-nine studies were
excluded as a result of wrong outcomes (n = 4), wrong comparator
(n = 5), wrong intervention (n = 11), wrong study design (n = 7), co-
morbid diagnoses (n = 4), or wrong subject population (n = 8)
(Fig. 1). In total, 62 studies were selected and retrieved for this sys-
tematic review.

3.2. Methodological Quality

All controlled intervention studies employed adequate methods of
randomization, clearly defined exposure and outcome measures, and
reported that the sample size was sufficient to detect a clinically sig-
nificant difference. No clinical studies exhibited a high risk of bias.
Varied limitations were present across studies, wherein an elevated
drop-out rate and use of single-blind rather than double-blinded pro-
cedures was observed in disparate studies. Notwithstanding, these lim-
itations did not significantly affect the quality of the results.

Most preclinical studies were devoid of selective outcome reporting,
employed similar populations at baseline, and adjusted for confounders
in the analysis. Common limitations varied across animal studies, with a
lack of random housing, blinding, and random outcome assessment
being commonly observed. Most clinical studies did not exhibit a high
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Fig. 1. PRISMA flow diagram of literature search (Covidence, 2024).

risk of bias. However, An et al. (2019) exhibited notable methodological
concerns, specifically due to the lack of the aforementioned limitations,
along with the absence of allocation concealment, impacting the reli-
ability and quality rating of the study’s outcomes. Similarly, Long-Smith
et al. (2013) reported comparable methodological issues associated with
An et al. (2019), though the study lacked baseline characteristics
reporting rather than allocation concealment. As such, only objective
results were examined for both studies. Specifically, only the cellular
and molecular changes associated with GLP-1 RA administration have
been referenced.

3.3. Effects of GLP-1 and GLP-1 RAs on neurodegenerative diseases in
humans

3.3.1. Effects of GLP-1 and GLP-1 RAs on Alzheimer’s diseases in humans

We identified 3 studies examining the effects of GLP-1 and GLP-1 RAs
on AD in humans (Long-Smith et al., 2013; Akimoto et al., 2020; Mullins
et al., 2019).

3.3.1.1. Effects of Dulaglutide on Alzheimer’s disease in humans. In a
pharmacovigilance study conducted using the FDA Adverse Event
Reporting System (FAERS) database, dulaglutide administration was
associated with significantly lowered risk of AD in all populations (ROR
= 0.39, 95 % CI [0.17, 0.77], p = 0.014, n = 961) (Akimoto et al.,
2020). This trend was significantly replicated in females (ROR = 0.40,
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95 % CI [0.12, 0.98], p = 0.048, n = 560), but not significantly in males
(ROR =0.41,95 % CI [0.10, 1.10], p = 0.131, n = 401) (Akimoto et al.,
2020). These results suggest that dulaglutide may reduce risk of AD.
Notwithstanding, further research is required to elucidate the role of
dulaglutide on AD.

3.3.1.2. Effects of exenatide on Alzheimer’s disease in humans. In addi-
tion to examining the role of dulaglutide on AD, Akimoto et al. (2020)
also examines the association between exenatide administration and
AD. Exenatide administration was associated with significantly reduced
risk of AD in all populations (ROR = 0.22, 95% CI [0.11, 0.37],
p < 0.001, n = 3158) (Akimoto et al., 2020). This relationship was
observed disparately in both female (ROR = 0.20, 95 % CI [0.08, 0.40],
p < 0.001, n = 1904) and male (ROR = 0.25, 95 % CI [0.09, 0.55],
p = 0.002, n = 1254) populations (Akimoto et al., 2020).

In a randomized clinical trial by Mullins et al. (2019) (n = 21),
administration of exenatide was not significantly associated with
improving scores on multiple cognitive tests, including the Clinical
Dementia Rating (CDR), Mini-Mental State Exam (MMSE) (Table 2).
Notwithstanding, administration of exenatide was associated with
within-subject differences in Digit-Span forward total score (F[3,36.2] =
4.804, p = .006) and maximum digit span forward (F[3,35] = 3.889,
p =.017)) following 6 months of exenatide administration (Mullins
etal., 2019). Additionally, exenatide administration was associated with
significant decreases in AB42 in comparison to participants administered
with placebos (F[1,16.3] = 4.71, p = 0.045), but not other CSF bio-
markers (i.e. tau, p181- tau, plasma Af4p) (Mullins et al., 2019). Taken
together, these findings suggest that exenatide may reduce the risk of
AD, wherein further research must be conducted to further elucidate this
effect.

3.3.1.3. Effects of Liraglutide on Alzheimer’s Disease in Humans. In the
pharmacovigilance study by Akimoto et al. (2020), the effects of lir-
aglutide on AD was also examined. Similar to previous GLP-1 RAs, lir-
aglutide administration was associated with significantly lowered risk of
AD in all populations (ROR = 0.36, 95 % CI [0.19, 0.62], p < 0.001,
n = 2083) (Akimoto et al., 2020). These findings were replicated in both
female (ROR = 0.38, 95 % CI [0.16, 0.75], p = 0.013, n = 1163) and
male (ROR = 0.34, 95 % CI [0.12, 0.75], p = 0.018, n = 950) pop-
ulations (Akimoto et al., 2020). Consistent with Akimoto et al. (2020), a
randomized clinical trial by Gejl et al. (2016) (n = 34) suggests that
liraglutide may be involved in modulating protective effects against AD.
Specifically, daily administration of liraglutide over 26 weeks has been
associated with attenuating impairments in the orientation test of the
Wechsler Memory Scale (WMS-1V), but the effect was not significant
between groups (p = 0.085) (Gejl et al., 2016). Notwithstanding, no
significant changes in cognitive score were observed from baseline (Gejl
et al., 2016).

Additionally, participants administered with liraglutide exhibited
significant increases in *c binding in the temporal (P = 0.04, 0.056,
95 % CI [0.0017, 0.11]) and occipital (P = 0.04, 0.048, 95% CI
[0.0013, 0.094]) lobes, and insignificantly in the cingulate (P = 0.09,
0.088, 95 % CI [-0.017, 0.19]) and cerebral (P = 0.09, 0.055, 95 % CI
[—0.0099, 0.12]) cortices, whilst a significant decrease was observed in
the cerebellum (P = 0.09, 0.010, 95 % CI [0.023, —0.0019]) (Gejl et al.,
2016).

It was further observed that participants administered with placebo
exhibited significantly increased [''C] binding in the temporal lobe
(P = 0.04, 0.036, 95 % CI [0.0012, 0.070]), and insignificantly in the
occipital lobe (P = 0.09, 0.023, 95 % CI [—0.0043; 0.050]) (Akimoto
et al., 2020). These results suggest that even though liraglutide may
attenuate cognitive deficits associated with AD, retention of amyloid
beta in humans may not be affected. Notwithstanding, these findings
support the notion that liraglutide may reduce the risk of AD, and may
ameliorate cognitive deficits associated with AD.
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3.3.2. Effects of GLP-1 and GLP-1 RAs on Parkinson’s Disease in Humans

To examine the effects of GLP-1 on Parkinson’s Disease in humans,
we have identified 4 studies (Rozani et al., 2024; Athauda et al., 2017;
Aviles-Olmos et al., 2013; Meissner et al., 2024).

3.3.2.1. Effects of GLP-1 on Parkinson’s Disease in Humans. In a retro-
spective cohort study by Rozani et al. (2024) (n = 86,229), adminis-
tration of GLP-1 was associated with reducing risk of PD (HR = 0.54,
95 % CI [0.39, 0.73], p < 0.001). Evidently, further research is required
to further examine the role of GLP-1 on PD in humans (Rozani et al.,
2024).

3.3.2.2. Effects of Exenatide on Parkinson’s Disease in Humans. Extant
literature supports the notion that exenatide may attenuate and improve
cognitive symptoms of PD. In a randomized control trial by Athauda
et al. (2017) (n = 62), patients administered with exenatide for 48
weeks exhibited significant improvements in PD symptoms, as evi-
denced by lower scores on the Movement Disorders Society Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS). Patients administered
with exenatide exhibited significantly reduction in scores (-2.3, 95 % CI
[-4.1, 0.7]) in comparison to placebo (1.7, 95 % CI [-0.6, 4.0]), wherein
the adjusted difference between groups was significant (-4.3, 95 % CI
[-7.1, —1.6], p = 0.0026) (Athauda et al., 2017). These results were
replicated 12 weeks post-exenatide treatment as patients administered
with exenatide continued to exhibit significant improvements in PD
symptoms (-1.0, 95 % CI [-2.6, 0.7]) in comparison to placebo controls
(2.1, 95 % CI [-0.6, 4.8]), wherein the adjusted difference between
groups was significant (-3.5, 95 % CI [-6.7, —0.3], p = 0.0318) (Athauda
et al., 2017).

A separate clinical study by Aviles-Olmos et al. (2013) (n = 44)
further supported these results, wherein administration of exenatide for
12 months significantly reduced MDS-UPDRS scores (-2.7 +7.7) in
comparison to placebo controls (2.2 + 7.3), with a significant adjusted
difference between groups (4.9, 95 % CI [0.3, 9.4], p = 0.037). The
aforementioned observation persisted for 2 months after exenatide
treatment, wherein improvements in PD symptoms persisted (-1.7
=+ 7.4) in comparison to controls (2.8 + 6.7), with a significant adjusted
difference between groups (4.4, 95 % CI [0.2, 8.7], p = 0.042) (Athauda
et al., 2017; Aviles-Olmos et al., 2013). No significant differences be-
tween groups were observed in the Montgomery-Asberg Depression
Rating Scale, Unified Dyskinesia Rating Scale, NonMotor Symptoms
Severity Scale, Parkinson’s Disease Questionnaire summary index, or
EuroQol Five Dimensions Questionnaire in both studies (Athauda et al.,
2017; Aviles-Olmos et al.,, 2013). Taken together, these studies
demonstrate that exenatide treatment may attenuate cognitive symp-
toms in PD.

3.3.2.3. Effects of Lixisenatide on Parkinson’s Disease in Humans. A
randomized control trial by Meissner et al. (2024) (n = 156) investi-
gated the effects of lixisenatide on participants with PD. Results indicate
that participants administered with lixisenatide exhibited significant
reductions in MDS-UPDRS scores (-0.04, 95 % CI [-1.62, 1.54]) in
comparison to placebo controls (3.04, 95 % CI [1.46, 4.62]), wherein
the differences between groups are significant (p = 0.007) (Meissner
et al.,, 2024). Although these findings suggest that lixisenatide may
ameliorate cognitive deficits associated with PD, further research is
required to understand the mechanistic role of lixisenatide in modu-
lating neuroprotective effects in PD.

3.4. Cognitive Effects of GLP-1 and GLP-1 RAs in animal models

3.4.1. Cognitive Effects of GLP-1 and GLP-1 RAs on Alzheimer’s disease in
animals

To highlight the specific changes in cognition associated with
disparate GLP-1 RAs, we identified 37 studies (Table 3). Among these
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Table 2
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Study characteristics investigating effect of GLP-1 agonists on neurodegenerative diseases in human models.

Author(s)

Study Type

Sample Size

Diagnoses

Mean Age Measurement Tools

Outcome(s) of Interest

Exenatide

Athauda
et al. (2017)

Randomized Control
Trial

62 total
participants

32 participants
administered with
exenatide

30 placebo controls

PD

Exenatide:
61.6 + 8.2
years
Placebo:
57.8 + 8.0
years

Movement Disorders Society
Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS)

Patients were administered weekly with 2 mg
exenatide for 48 weeks.

At 48 weeks, participants administered with
exenatide exhibited improvements in PD
symptoms based on scores on the MDS-UPDRS
(-2.3, 95 % CI [-4.1, 0.7]). In contrast,
participants administered with placebo
exhibited worsening of PD symptoms (1.7, 95 %
CI [-0.6, 4.0]), wherein the adjusted difference
between groups was significant (-4.3, 95 % CI
[-7.1, —1.6], p = 0.0026).

At 60 weeks, participants administered with
exenatide exhibited improvements in PD
symptoms based on scores on the MDS-UPDRS
(-1.0, 95 % CI [-2.6, 0.7]). In contrast,
participants administered with placebo
exhibited worsening of PD symptoms (2.1, 95 %
CI [-0.6, 4.8]), wherein the adjusted difference
between groups was significant (-3.5, 95 % CI
[-6.7, —0.3], p = 0.0318).

No differences between groups were observed on
the Mattis Dementia Rating Scale, Montgomery-
Asberg Depression Rating Scale, Unified
Dyskinesia Rating Scale, NonMotor Symptoms
Severity Scale, Parkinson’s Disease
Questionnaire summary index, or EuroQol Five
Dimensions Questionnaire, nor in results on
timed motor tests or Hauser diaries.

Aviles-
Olmos
et al.
(2013)

Mullins
et al.
(2019)

Randomized Control
Trial

Randomized Control
Trial

44 total
participants

20 participants
administered with
exenatide

24 placebo controls

21 total
participants

11 participants
administered with
exenatide

10 placebo controls

PD

AD

Exenatide:
61.4 +£6.0
years
Placebo:
59.4 + 8.4
years

Movement Disorders Society
Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS)
Mattis dementia rating scale-2
(Mattis DRS—2)

Exenatide:
71.7 £ 6.9
years
Placebo:
74.0 £ 6.4
years

Clinical Dementia Rating
(CDR)

Mini-Mental State Exam
(MMSE)

70-point Alzheimer’s Disease
Assessment Scale cognitive
subscale (ADASCog)
Frontal Assessment Battery
(FAB)

Verbal Fluency

California Verbal Learning
Task (CVLT)

Boston Naming Test

Patients were administered bidaily with 5 pg
exenatide for 1 month, ramping up to 10 pg
exenatide for 11 months.

Administration of exenatide was associated with
improvements of PD symptoms based on MDS-
UPDRS scores (—2.7, SD = 7.7). Contrastingly,
participants administered with placebo
exhibited worsening of PD symptoms (2.2, SD =
7.3), wherein the adjusted difference between
groups was significant (4.9, 95 % CI [0.3, 9.4],
p = 0.037)

This trend was replicated at 14 months, wherein
administration of exenatide was associated with
improvements of PD symptoms based on MDS-
UPDRS scores (—1.7, SD = 7.4). Contrastingly,
participants administered with placebo
exhibited worsening of PD symptoms (2.8, SD =
6.7), wherein the adjusted difference between
groups was significant (4.4, 95 % CI [0.2, 8.7],
p = 0.042)

At 14 months, exenatide administration was
associated with improvements on the Mattis
DRS-2 scale (2.8), wherein deterioration was
observed in participants administered with
placebo (3.5). A significant difference was
observed between groups (6.3 points, 95 % CI
[2.7,9.9], p = 0.001). No significant differences
between group were observed in Montgomery-
Asberg depression rating scale (MADRS) scores
or Parkinson Disease Questionnaire-39 (PDQ39)
summary index scores.

Participants were administered with 5 pug
exenatide twice a day, increased to 10 pg twice a
day for 18 months.

Administration of exenatide did not significantly
improve group differences in within-subject
differences with the exception of Digit-Span
forward total score (F[3,36.2] = 4.804,

p = .006) and maximum digit span forward (F
[3,35] = 3.889, p = .017)) scores at 6 months.
Significant changes in cognition were observed
over time in both groups, including decreases
the MMSE (F [3,52.0] = 3.738, p = 0.017),
verbal fluency (F[3,52.1] = 3.008, p = 0.038),

(continued on next page)
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Table 2 (continued)
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Author(s)

Study Type

Sample Size

Diagnoses

Mean Age

Measurement Tools

Outcome(s) of Interest

Exenatide

Athauda
et al. (2017)

Randomized Control
Trial

62 total
participants

32 participants
administered with
exenatide

30 placebo controls

PD

Exenatide:
61.6 + 8.2
years
Placebo:
57.8 + 8.0
years

Movement Disorders Society
Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS)

Patients were administered weekly with 2 mg
exenatide for 48 weeks.

At 48 weeks, participants administered with
exenatide exhibited improvements in PD
symptoms based on scores on the MDS-UPDRS
(-2.3, 95 % CI [-4.1, 0.7]). In contrast,
participants administered with placebo
exhibited worsening of PD symptoms (1.7, 95 %
CI [-0.6, 4.0]), wherein the adjusted difference
between groups was significant (-4.3, 95 % CI
[-7.1, —1.6], p = 0.0026).

At 60 weeks, participants administered with
exenatide exhibited improvements in PD
symptoms based on scores on the MDS-UPDRS
(-1.0, 95 % CI [-2.6, 0.7]). In contrast,
participants administered with placebo
exhibited worsening of PD symptoms (2.1, 95 %
CI [-0.6, 4.8]), wherein the adjusted difference
between groups was significant (-3.5, 95 % CI
[-6.7, —0.3], p = 0.0318).

No differences between groups were observed on
the Mattis Dementia Rating Scale, Montgomery-
Asberg Depression Rating Scale, Unified
Dyskinesia Rating Scale, NonMotor Symptoms
Severity Scale, Parkinson’s Disease
Questionnaire summary index, or EuroQol Five
Dimensions Questionnaire, nor in results on
timed motor tests or Hauser diaries.

Liraglutide
Gejl et al.
(2016)

Randomized Control
Trial

34 total
participants

14 participants
administered with
liraglutide

20 placebo controls

AD

Liraglutide:
63.1 years
Placebo:
66.6 years

Wechsler Memory Scale
Logical Memory Subtest
Trail-making Test Parts A & B
American National Adult
Reading Test (ANART)

Clock drawing

Wechsler Adult Intelligence
Scale Digit-Symbol and Digit
Span Forward & Backward
Subtests

Benton Visual Retention Task
(BVRT)

University of Pennsylvania
Smell Identification Test
(UPSIT)

Wechsler Memory Scale
(WMS)

Boston naming correct after stimulus cue, (F
[3,53.0] = 3.973, p = 0.013), and Digit-symbol
total (F[3,45.0] = 2.918, p = 0.044).
Contrastingly, increases were also observed over
time in Trails-making test B time (F[3,49.4] =
3.023, p = 0.038), ADCS (F[3,49.7] = 5.47,

p = 0.003), and digit-symbol total (F[3,45.0] =
2.918, p = 0.044).

Participants administered with exenatide
exhibited significant reductions in Ap42 in
comparison to participants administered with
placebos (F[1,16.3] = 4.71, p = 0.045), but not
in other CSF biomarkers (i.e. tau, p181- tau,
plasma Ap40).

Participants were administered with either
placebo or liraglutide daily for 26 weeks,
ramping up from 0.6 mg daily for a week, to
1.2 mg daily, to the final amount of 1.8 mg daily.
[*'CIRIB Retention:

Participants administered with placebo
exhibited significant increases in [''C] binding
by the following mean ratios in the temporal
lobe (P = 0.04, 0.036, 95 % CI [0.0012, 0.070]),
and insignificantly in the occipital lobe

(P = 0.09, 0.023, 95 % CI [—0.0043; 0.050]).
Similarly, participants administered with
liraglutide exhibited significant increases in
[*1C] binding by the following mean ratios in the
temporal (P = 0.04, 0.056, 95 % CI [0.0017,
0.11]) and occipital (P = 0.04, 0.048, 95 % CI
[0.0013, 0.094]) lobes, and insignificantly in the
cingulate (P = 0.09, 0.088, 95 % CI [-0.017,
0.19]) and cerebral (P = 0.09, 0.055, 95 % CI
[—0.0099, 0.12]) cortices. Contrastingly, a
nonsignificant decrease was observed in the
cerebellum (P = 0.09, 0.010, 95 % CI [0.023,
—0.0019D).

Cerebral Blood Flow:

Participants administered with placebo
exhibited significant increases in cerebral blood
flow in the frontal, (P = 0.04, 3.56 ml/hg/min,
95 % CI [0.17, 6.94], parietal (P = 0.04,

3.27 ml/hg/min, 95 % CI [0.10; 6.45], and

(continued on next page)
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Author(s)

Study Type

Sample Size

Diagnoses

Mean Age

Measurement Tools

Outcome(s) of Interest

Exenatide

Athauda
et al. (2017)

Randomized Control
Trial

62 total
participants

32 participants
administered with
exenatide

30 placebo controls

PD

Exenatide:
61.6 + 8.2
years
Placebo:
57.8 + 8.0
years

Movement Disorders Society
Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS)

Patients were administered weekly with 2 mg
exenatide for 48 weeks.

At 48 weeks, participants administered with
exenatide exhibited improvements in PD
symptoms based on scores on the MDS-UPDRS
(-2.3, 95 % CI [-4.1, 0.7]). In contrast,
participants administered with placebo
exhibited worsening of PD symptoms (1.7, 95 %
CI [-0.6, 4.0]), wherein the adjusted difference
between groups was significant (-4.3, 95 % CI
[-7.1, —1.6], p = 0.0026).

At 60 weeks, participants administered with
exenatide exhibited improvements in PD
symptoms based on scores on the MDS-UPDRS
(-1.0, 95 % CI [-2.6, 0.7]). In contrast,
participants administered with placebo
exhibited worsening of PD symptoms (2.1, 95 %
CI [-0.6, 4.8]), wherein the adjusted difference
between groups was significant (-3.5, 95 % CI
[-6.7, —0.3], p = 0.0318).

No differences between groups were observed on
the Mattis Dementia Rating Scale, Montgomery-
Asberg Depression Rating Scale, Unified
Dyskinesia Rating Scale, NonMotor Symptoms
Severity Scale, Parkinson’s Disease
Questionnaire summary index, or EuroQol Five
Dimensions Questionnaire, nor in results on
timed motor tests or Hauser diaries.

Lixisenatide
Meissner
et al.
(2024)

Randomized Control
Trial

156 total
participants

78 participants
administered with
lixisenatide

78 placebo controls

PD

Lixisenatide:
59.5+£8.1
years
Placebo:
59.9 + 8.4
years

Movement Disorder
Society-Unified Parkinson’s
Disease Rating Scale (MDS-

UPDRS)

occipital (P = 0.02, 3.27 ml/hg/min, 95 % CI
[0.10; 6.45]) lobes, the cerebellum (P = 0.009,
4.47 ml/hg/min, 95 % CI [1.28, 7.65]), and in
the cortex as a whole (P = 0.03, 3.61 ml/hg/
min, 95 % CI [0.41, 6.81]).

No significant increases in cerebral blood flow
(P > 0.41) were observed in the liraglutide
treatment group. Similarly, no differences in
ratios were observed between the groups

(P >0.13).

Cerebral Glucose Metabolism:

Participants administered with placebo
exhibited significant decreases in cerebral
glucose metabolism in the precuneus

(P = 0.009, 3.2 pmol/hg/min, 95 % CI [5.45,
0.92]), and in the parietal (P = 0.04, 2.1 pmol/
hg/min, 95 % CI [4.21, 0.081]), temporal

(P = 0.046, 1.54 ymol/hg/min, 95 % CI [3.05,
0.030]), and occipital (P = 0.009, 2.10 ymol/
hg/min, 95 % CI: [3.61, 0.59]) lobes, and in the
cerebellum (P = 0.04, 1.54 pmol/hg/min, 95 %
CI [3.01, 0.064]).

In contrast, participants administered with
liraglutide exhibited increased non-significant
increases in cerebral glucose metabolism

(P > 0.49).

Cognitive Impairment:

Significant impairments were observed in
participants administered with the placebo
during the orientation test (p = 0.041), but not
participants administered with liraglutide. No
significant differences, however, were observed
between the two groups.

Experimental groups were initially administered
with 10 pg lixisenatide for 14 days, ramping up
to 20 pg/day for the remainder of the 12-month
period.

Participants administered with lixisenatide
exhibited improvements in PD symptoms based
on scores on the MDS-UPDRS (—0.04, 95 % CI
[-1.62, 1.54]). In contrast, administration of
placebo was associated with increases in MDS-
UPDRS mean score (3.04, 95 % CI [1.46, 4.62]),
wherein the difference between groups was

(continued on next page)
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Author(s)

Study Type

Sample Size

Diagnoses

Mean Age

Measurement Tools Outcome(s) of Interest

Exenatide

Athauda
et al. (2017)

Randomized Control
Trial

62 total
participants

PD

Exenatide:
61.6 + 8.2

32 participants
administered with

years
Placebo:
exenatide

30 placebo controls years

57.8 + 8.0

Movement Disorders Society
Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS)

Patients were administered weekly with 2 mg
exenatide for 48 weeks.

At 48 weeks, participants administered with
exenatide exhibited improvements in PD
symptoms based on scores on the MDS-UPDRS
(-2.3, 95 % CI [-4.1, 0.7]). In contrast,
participants administered with placebo
exhibited worsening of PD symptoms (1.7, 95 %
CI [-0.6, 4.0]), wherein the adjusted difference
between groups was significant (-4.3, 95 % CI
[-7.1, —1.6], p = 0.0026).

At 60 weeks, participants administered with
exenatide exhibited improvements in PD
symptoms based on scores on the MDS-UPDRS
(-1.0, 95 % CI [-2.6, 0.7]). In contrast,
participants administered with placebo
exhibited worsening of PD symptoms (2.1, 95 %
CI [-0.6, 4.8]), wherein the adjusted difference
between groups was significant (-3.5, 95 % CI
[-6.7, —0.3], p = 0.0318).

No differences between groups were observed on
the Mattis Dementia Rating Scale, Montgomery-
Asberg Depression Rating Scale, Unified
Dyskinesia Rating Scale, NonMotor Symptoms
Severity Scale, Parkinson’s Disease
Questionnaire summary index, or EuroQol Five
Dimensions Questionnaire, nor in results on
timed motor tests or Hauser diaries.

Glucagon-Like Peptide—1 Receptor Agonists
Akimoto Pharmacovigilance 66,086 total AD
et al. Study participants
(2020) 961 participants
administered with
dulaglutide
3158 participants
administered with
exenatide
2083 participants
administered with
liraglutide

N/A

Rozani et al.
(2024)

Retrospective Cohort
Study

86,229 total PD

participants years

60.0 +11.0

significant (p = 0.007). Both groups were
administered with similar mean doses of
levodopa.
N/A Significantly lower risk of AD was associated
with exenatide (ROR = 0.22, 95 % CI [0.11,
0.37], p < 0.001, n = 3158), liraglutide (ROR =
0.36, 95 % CI [0.19, 0.62], p < 0.001,
n = 2083), dulaglutide (ROR = 0.39, 95 % CI
[0.17, 0.77], p = 0.014, n = 961).
Significantly lower risk of AD was associated
with exenatide (ROR = 0.25, 95 % CI [0.09,
0.55], p = 0.002, n = 1254) and liraglutide
(ROR = 0.34, 95 % CI [0.12, 0.75], p = 0.018,
n = 950) in men, but not significantly in
dulaglutide (ROR = 0.41, 95 % CI [0.10, 1.10],
p =0.131, n = 401).
Significantly lower risk of AD was associated
with exenatide (ROR = 0.20, 95 % CI [0.08,
0.40], p < 0.001, n = 1904), liraglutide (ROR =
0.38, 95 % CI [0.16, 0.75], p = 0.013,
n = 1163), dulaglutide (ROR = 0.40, 95 % CI
[0.12, 0.98], p = 0.048, n = 560) in women.
Significant lower risk of PD was associated with
the administration of GLP—1 receptor agonists
(HR = 0.54, 95 % CI [0.39, 0.73], p < 0.001).

N/A

Abbreviations: T2DM = Type 2 Diabetes Mellitus, AD = Alzheimer’s Disease, PD = Parkinson’s Disease, MWM = Morris Water Maze, Ex-4 = Exendin-4, i.p.
= Intraperitoneal, i.c.v. = Intracerebroventricular, APP = Amyloid Precursor Protein, ROS = Reactive Oxygen Species, N/A = Not Available

studies, McClean and Holscher (2014a) examined the effect of liraglu-
tide and lixisenatide on AD.

3.4.1.1. Cognitive Effects of GLP-1 on Alzheimer’s Disease in Animals.

The role of GLP-1 in modulating cognitive deficits in AD has yielded
mixed results. Findings from Ma et al. (2012) identified that GLP-1
(9—36)2mide _ 4 cleavage product of GLP-1 - attenuated AD-induced
memory and learning deficits. This was evidenced by significant re-
ductions in escape latency during Morris Water Maze (MWM) tasks
(p = 0.0001) and increased target quadrant occupation during probe
trial tests (p < 0.05) (Ma et al., 2012). In addition, a study by Li et al.
(2012) (n = 30) reported that administration of 50 pM (Val8)GLP-1 was
associated with significant reductions in escape latency and distance in

the MWM task (p < 0.05) (Li et al., 2012). In contrast, a separate study
indicated that administration of ValS(GLP—l) in rats did not exhibit
changes in mean escape latency (p > 0.05) or time spent in target
quadrant in comparison to controls (p > 0.05) (Wang et al., 2010).
These findings suggest that GLP-1 administration may ameliorate
cognitive effects associated with AD, although further research is
required to examine this interaction.

3.4.1.2. Cognitive Effects of Dulaglutide on Alzheimer’s Disease in Ani-
mals. There is insufficient information on the effects of dulaglutide.
Zhou et al. (2019) examined the cognitive effects of dulaglutide in AD
mice models. Results indicate that dulaglutide administration was
associated with non-significant decreased escape latency during MWM
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Study characteristics investigating effect of GLP-1 agonists on neurodegenerative diseases in animal models.

Author(s)

GLP-1
Bergkvist et al.
(2021)

Gault and
Holscher
(2008)

Gengler et al.
(2012)

Li et al. (2012)

Ma et al. (2012)

Wang et al.
(2010)

Dulaglutide
Khalaf et al.
(2023)

Study
Type

Animal

Study

Animal
Study

Animal
Study

Animal
Study

Animal
Study

Animal

Study

Animal
Study

Sample Size

C57/B6 mice

Male Wistar rats

APP/PS—21 C57BL/6

mice

30 male Wistar rats

APP/PS1 mice

Male Wistar rats

24 male Wistar rats

Diagnoses

PD

AD

AD

AD

PD

Measurement Tool(s)

N/A

N/A

N/A

Morris Water Maze
(MWM) task

Morris Water Maze
(MWM) task
Probe Trial Tests

Morris Water Maze
(MWM) test

N/A

Outcome(s) of Interest

Mice treated with a-syn preformed fibrils (PFF) and injected with 0.24 mg/
kg long-lasting GLP—1 analogue exhibited no changes in pSer129 a-syn
reactivity at 5 weeks post-GLP—1 injection, but 74.5 % increase 13 weeks
post-injection in comparison to controls (p = 0.005).

GLP—1, GLP—1(9-36), and (Val®)GLP—1 had no significant changes on
LTP in absence of beta-amyloid (25-35).

Injection of (Val®)GLP—1 (15 nmol in 5 ul i.c.v.) simultaneously with beta-
amyloid (25-35) did not significantly revert the impairing effect of LTP of
beta-amyloid (100 nmol in 5 pl i.c.v.). Similarly, no significant effect was
observed when (Val®)GLP—1 was injected 15 minutes prior to beta-
amyloid. Notwithstanding, complete reversal of amyloid-induced
impairing of LTP was observed when (Val®)GLP—1 was injected 30 minutes
prior to beta-amyloid injection.

Cellular Changes:

No differences in microglial load was observed after 25 nmol/kg (Val®)
GLP—1 administration for 3 weeks in comparison to saline control.
Molecular Changes:

9-month old mice administered with 25 nmol/kg (Val®)GLP—1 for 3 weeks
exhibited significantly stronger increases LTP in the CAl region of the
hippocampus in comparison to saline control (n = 15, F = 4.35, df = 1,

p < 0.05). This trend was replicated in 18-month old mice (n = 11,F =4.7,
df =1, p < 0.05), wherein no enhanced LTP was observed after saline
injection.

No differences in beta-amyloid plaque load was observed after 25 nmol/kg
(Val®)GLP—1 administration for 3 weeks in comparison to saline control.
AD mice models were induced via administration of streptozotocin (STZ).
Cognitive Changes:

Mice administered with 50 pM (Val8)GLP—1 exhibited significant
reductions in escape latency and distance in the MWM task in comparison
to no GLP—1 administration (p < 0.05).

Molecular Changes:

Administration of 50 pM (Val8)GLP—1 was associated with significant
decreases in phosphorylated tau / tau ratio (p < 0.05), simultaneously
attenuating STZ-induced increases in tau expression in comparison to
controls.

Mice were administered with 500 pg / kg GLP—1(9—36)*™% over a period
of two weeks.

Cognitive Changes:

Administration of GLP—1(9—36)*™9¢ was associated with attenuation of
AD-induced learning and memory deficits, exemplified by significant
decreases in escape latency during MWM tasks (p = 0.0001) and increases
in target quadrant occupation during probe trial tests (p < 0.05).
Molecular Changes:

GLP—1(9—36)"™% was not associated with significant changes in APP or
Ap levels when compared to mice administered with vehicle control

(p > 0.05).

Mice administered with GLP—1(9—36)*™¢ attenuated AD-induced
increases in mitochondrial superoxide and AD-induced activation of GSK3p
in comparison to vehicle control. No significant changes in Akt was
observed (p > 0.05), whereas a non-significant decrease in caspase—3 was
observed (p = 0.35) in comparison to vehicle control.

Rats were administered with 5 L, 0.05pmol / 5 uL Val®-GLP—1(7—36) i.c.
V.

Cognitive Changes:

Rats administered with GLP—1 did not exhibit significant changes in mean
escape latency and mean escape distances (p > 0.05) in the MWM test.
These results were replicated in the probe task, wherein no significant
changes in time spent in target quadrant was observed (p > 0.05) in
comparison to controls.

Mice were continuously injected with a low dose (0.05 mg/kg) or high dose
(0.1 mg/kg) of liraglutide every week.

Molecular Changes:

Mice administered with low weekly doses of dulaglutide attenuated
rotenone-associated oxidative stress, characterized by significant increases
in glutathione (GSH) content (70.14 %, p < 0.05), superoxide dismutase
(SOD) activity (32.46 %, p < 0.05), and significant decreases in oxidative
stress markers malondialdehyde (MDA) (30 %, p < 0.05) and nitric oxide
(NO) (26.14 %, p < 0.05).

Mice administered with high weekly doses of dulaglutide attenuated
rotenone-associated oxidative stress, characterized by significant increases
in GSH content (143 %, p < 0.05), SOD activity (96.25 %, p < 0.05), and
significant decreases in oxidative stress markers MDA (82.65 %, p < 0.05)

(continued on next page)
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Zhou et al. (2019)

Exenatide
An et al. (2019)

Bomba et al.
(2013)

Bomba et al.
(2019)

Bu et al. (2021)

Animal
Study

Animal

Study

Animal
Study

Animal
Study

Animal
Study

C57BL/6 mice AD
48 5xFAD mice AD
47 total mice AD
15 female 3xTg-AD

mice

20 male 3xTg-AD mice
5 female PS1-KI mice
7 male PS1-KI mice

46 3xTg-AD mice AD

Female Sprague- PD
Dawley rats

Morris Water Maze
(MWM) test

N/A

Morris Water Maze
(MWM) test

Morris Water Maze
(MWM) test
Object Recognition
Test (ORT)

Rotarod Test
Cylinder Test

10

and NO (45.44 %, p < 0.05).

Mice administered with dulaglutide significantly attenuated rotenone-
induced hyperactivity of monoaminoxidase-B (MAO-B) in low dulaglutide
dose (38.71 %; p < 0.05) and high dulaglutide dose (57.60 %; p < 0.05)
when compared to the rotenone group.

Mice administered with low doses of dulaglutide exhibited significant
reductions in rotenone-induced hyperactivity of pro-inflammatory
cytokines IL—1f (62 %, p < 0.05), TNF-« (31.79 %, p < 0.05) and IL-6
(62 %, p < 0.05). This trend was replicated in mice administered with high
doses of dulaglutide, wherein significant decreases in IL—1p (88.28 %,

p < 0.05), TNF-« (83.41 %, p < 0.05) and IL—6 (79.07 %, p < 0.05) were
observed in comparison to the rotenone group.

Administration of low doses of liraglutide significantly attenuated
rotenone-induced decreases in various neurotransmitters, leading to
significant increases in dopamine (DA) (93.53 %, p < 0.05), 3,4-dihy-
droxyphenylacetic acid (DOPAC) (159.78 %, p < 0.05), and homovanillic
acid (HVA) (44.70 %, p < 0.05) in comparison to rotenone treatment.
Similarly, high dose liraglutide administration was associated with
significant increases in DA (222.35 %, p < 0.05), DOPAC (224.91 %,

p < 0.05), and HVA (137.88 %, p < 0.05).

Cognitive Changes:

Weekly administration of 0.6 mg/kg dulaglutide over 3 weeks in STZ-
induced AD models decreased escape latency during MWM tests and
increased time spent in target quadrants during probe tasks.

Molecular Changes:

Dulaglutide was associated with decreased levels of phosphorylated Tau
and neurofibrillary tangles, whilst upregulating the expression of pPI3K,
pAkt, and pGSK3 (p < 0.01).

Cellular Changes:

Exenatide administered at 100 ug/kg subcutaneously twice daily was
associated with significant increases in specific surface area of
mitochondria (p < 0.05), indicative of the degree of swelling in
mitochondria.

Molecular Changes:

Exenatide administered at 100 pg/kg subcutaneously twice daily was
associated with decreased area of amyloid plaques in the hippocampal CA1
region (p < 0.05).

Exenatide administered at 100 pg/kg subcutaneously twice daily was
associated with significantly increased levels of postsynaptic marker PSD95
(p < 0.001) and presynaptic marker Syn (p < 0.01).

Exenatide administered at 100 pg/kg subcutaneously twice daily was
associated with significantly decreased levels of malondialdehyde (MDA)
(p < 0.05), but increased superoxide dismutase (SOD) activity within the
hippocampus (p < 0.05), suggesting that it alleviates cellular damage.
Mice were administered with saline or 500 mg/kg exenatide daily, 5 days a
week over 9 months.

Cognitive Changes:

Administration of exenatide did not significantly improve MWM test
performance and target quadrant occupancy in 3xTg-AD mice in
comparison to saline.

Molecular Changes:

Administration of exenatide in 3xTg-AD mice did not significantly decrease
h-tau immunoreactivity (p = 0.337) or intraneuronal Ap levels in the
hippocampus (p = 0.552).

Cognitive Changes:

Exenatide administration at a dosage of 500 pg/kg, delivered i.p. five days
a week, had no effect on cognitive performances in the MWM test and
Objection Recognition tests (p > 0.05).

Molecular Changes:

Exenatide administered at 500 pg/kg i.p. five days per week did not
significantly affect Ap and tau levels in comparison to injection of vehicles.
Exenatide administration at a dosage of 500 pg/kg, delivered i.p. five days
a week was associated with enhanced BDNF signaling (p < 0.001), and
significantly reduced proBDNF signaling (p < 0.05).

Cognitive Changes:

Ex—4 injections at a dosage of 5 pug/kg/day, administered i.p. twice daily,
rescued predominant motor deficits in mice injected with AAV-A53T-o-syn,
characterized by reduced asymmetric forepaw touches during the cylinder
test 6 weeks post-injection (p = 0.0092).

Cellular Changes:

Ex—4 injections at 5 pg/kg/day, administered i.p. twice daily, attenuated
loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc)
in comparison to vehicle injection at 6 weeks post-injection (—39 % vs.
—42 %) and significantly at 10 weeks post-injection (—37 % vs —61 %;

p = 0.0005). These trends were mirrored in the striatum at 6 weeks post-

(continued on next page)
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Chen et al. (2012) Animal
Study

Garabadu and Animal
Verma (2019) Study

Jia et al. (2016) Animal

Study

Li et al. (2010) Animal
Study

Robinson et al. Animal
(2019) Study

Song et al. (2022)  Animal

Study
Wang et al. Animal
(2016) Study
Wang et al. Animal
(2018) Study

30 male Wistar rats

36 male Wistar rats

Adult male Sprague-
Dawley rats

30 3xTg AD mice

Tg2576 mice
Wild-type C57BL/6
mice

Wild-type
Caenorhabditis elegans
CL4176 C. elegans
CL2006 C. elegans
CL1553 C. elegans.

C57BL/6 mice

APP/PS1 mice
Wild-type C57BL/6
mice

AD

AD

AD

AD

Morris Water Maze
(MWM) test

Morris Water Maze
(MWM) test
Y-maze test

Morris Water Maze
(MWM) test
Probe Trial test

N/A

Morris Water Maze
(MWM) test
Probe Trial test

N/A

Wheel-Running
Activity

Morris Water Maze
(MWM) test

Morris Water Maze
(MWM) test
Probe trial test

11

injection (—31.98 % vs —37.65 %) and significantly 10 weeks post-
injection (—27.93 % vs. —49.01 %; p = 0.0151).

Cognitive Changes:

Ex—4 administration at a dosage of 10 pg/kg, delivered subcutaneously
twice daily for 14 days, significantly reverted STZ-induced increases in
escape latencies and distances moved during the MWM test (p < 0.05).
Similarly, Ex—4 administration reverted STZ-decreases in time spent in
target quadrant in the probe task (p < 0.05).

Molecular Changes:

Ex—4 administered at 10 pg/kg subcutaneously twice daily for 14 days
significantly reduced STZ-induced hyperphosphorylation of tau at Ser396
(p < 0.05), Thr181 (p < 0.01) in comparison to controls.

Cognitive Changes:

Ex—4 administered at a dosage of 5 pg/kg i.p. daily for 14 days, reverted
Ap-induced memory deficits in the MWM test, significantly reducing escape
latency (p < 0.05). Similarly, Ex—4 reverted Ap-induced decrease in
spontaneous alteration behavior (SAB) in the Y-maze test (p < 0.05).
Molecular Changes:

Ex—4 at 5 pg/kg i.p. daily for 14 days significantly reduced Ap-induced
increases in Af levels in the rat hippocampus and prefrontal cortex

(p < 0.05). Similarly, Ex—4 ameliorates Ap-induced decreases in Akt
phosphorylation (p < 0.05).

Cognitive Changes:

Administration of 0.02 nmol Ex—4 i.c.v. in mice did not revert AB1-42-
induced increases in the average escape latency and distance to hidden
platform during the MWM task (n = 10, p > 0.05). These results were
replicated in the probe task, wherein Ex—4 administration was not
significantly associated with changes in total time elapsed and time spent
within the target quadrants (p > 0.05).

In contrast, administration of 0.2 nmol Ex—4 (n = 10) and 2 nmol Ex—4
(n = 10) i.c.v reverted Ap1-42-induced increases in escape latency

(p < 0.05) and swim distance to hidden platforms (p < 0.05) during the
MWM task. These results were replicated in time spent in target quadrants
during the probe task (p < 0.05).

Molecular Changes:

Ex—4 administration significantly reverted Ap1-42-induced decreases in
Bcl—2 expression (p < 0.01), increases in Bax expression (p < 0.01), and
upregulation of Caspase—3 (p < 0.01).

Molecular Changes:

Administration of Ex—4 significantly reverted STZ-induced increases in Ap
levels (p < 0.05). Similarly, administration of Ex—4 was associated with
non-significant decreases in Ap levels (25 %, p > 0.05) in absence of STZ.
Female mice administered with Ex—4 did not exhibit significant changes in
tau levels (p > 0.05).

Cognitive Changes:

AD mice administered with exenatide exhibited significantly reduced
latencies in the MWM task (p = 0.011) in comparison to saline controls.
Molecular Changes:

Administration of exenatide did not have a significant impact on Ap42
levels (n =9, p > 0.05).

Significant delays in paralysis progression in AD worms were observed after
administration of Ex—4 at 0.3 mg/ml (p = 0.0157), 0.5 mg/ml

(p < 0.0001), and 1.2 mg/ml (p < 0.0001).

Molecular Changes:

Administration of 0.5 mg/ml Ex—4 was associated with significant
reductions in A levels (39.78 %, p < 0.001).

0.5 mg/ml Ex—4 significantly decreased reactive oxygen species (ROS)
levels in CL4176 (13.57 %, p < 0.01) and CL2006 (17.22 %, p < 0.05).
Mice were administered with either 0.05 nmol or 0.5 nmol Ex—4 via
internasal treatment.

Cognitive Changes:

Administration of Ex—4 was associated with attenuating AB31-35-induced
increases in escape latency on days 2-5 of the MWM test (p < 0.05), but not
on day 1 (p > 0.05). Similarly, Ex—4 administration attenuated Ap31-35-
induced decreases in time spent in the target quadrant during the probe
task (p < 0.05).

Administration of Ex—4 was associated with attenuating Ap31-35-induced
decreases in locomotor activity (p < 0.05).

Experimental mice were administered twice daily with 25 nmol/kg Ex—4
for four weeks.

Cognitive Changes:

APP/PS1 mice administered with Ex—4 exhibited significant decreases in
escape latency (p < 0.01) during the MWM task and increases in time spent
in target quadrant in the probe task (p < 0.01) in comparison to controls.
Molecular Changes:

APP/PS1 mice administered with Ex—4 exhibited reduced levels of Ap and
hyperphosphorylated tau levels in the hippocampus and cortex.
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Zhang et al.
(2021)

Zhang et al.
(2022a)

Liraglutide
Bakhshwin et al.
(2024)

Batista et al.
(2018)

Carranza-Naval
et al. (2021)

Chen et al. (2017)

Dong et al. (2022)

Duarte et al.
(2020)

Animal
Study

Animal
Study

Animal
Study

Animal
Study

Animal
Study

Animal
Study

Animal
Study

Animal
Study

40 adult male Sprague-
Dawley rats

5xFAD mice

25 adult male Wistar
rats

Male Swiss mice
Adult Cynomolgus
Macaques

APP/PS1 mice

3xTg-AD mice

5xFAD mice

3xTG-AD mice

PD

AD

AD

AD
T2DM

AD

AD

AD

Open Field test
Apomorphine
Rotational test

N/A

Morris Water Maze
(MWM) test

Novel Object
Recognition (NOR)
test

Contextual Fear
Conditioning (CFC)
test

Morris Water Maze
(MWM) test

Morris Water Maze
(MWM) test

Morris Water Maze
(MWM) test

Morris Water Maze
(MWM) test
Y-maze test

12

Administration of Ex—4 was associated with significant increases in
p-catenin (p < 0.01), pAkt (p < 0.01), and pGSK3p (p < 0.01).
Cognitive Changes:

6-OHDA-induced PD rats administered daily with 10 nmol/kg i.p. Ex—4 for
30 days exhibited significant increases in distance traveled in the open-field
test (p < 0.05).

Cellular Changes:

Ex—4 administration significantly ameliorated PD-associated loss of
dopamine neurons in the striatum (p < 0.01).

Contrastingly, Ex—4 treatment significantly attenuated PD-associated
activation of GFAP-marked astrocytes (p < 0.05).

Molecular Changes:

Administration of Ex—4 was associated with significant reductions in PD-
associated a-syn expression in the substantia nigra (p < 0.05), IL—1p

(p < 0.05), and TNF-a (p < 0.05) in the striatum.

Mice were administered bidaily with 100 pg/kg exenatide for 16 weeks.
Cellular Changes:

Administration of exenatide in transgenic 5xFAD was non-significantly
associated with reductions in GFAP-marked astrocytes.

Molecular Changes:

Exenatide administration in transgenic 5xFAD was associated with
significant reductions in TNF-a (p < 0.05), IL—1p (p < 0.05), NLRP2

(p < 0.05) expression, and a non-significant reduction of ROS (30 %,

p > 0.05) and Ap;_4> deposition.

AD rat models were induced via administration of aluminum chloride
(AICI3) and D-galactose (D-GAL).

Rats were administered with subcutaneous injection of liraglutide 300 pg/
kg/twice daily.

Cognitive Changes:

Rats administered with liraglutide exhibited significantly reduced escape
latency in the MWM test (5.40 %; p < 0.01).

Molecular Changes:

Administration of liraglutide was associated with attenuating AD-
associated decreases in catalase (CAT) and superoxide dismutase (SOD)
activity (p < 0.01).

Cognitive Changes:

Liraglutide administered at a dosage of 25 nmol/kg i.p. daily for seven
days, was associated with the prevention of cognitive deficits, notably in
the novel object recognition tasks (p < 0.05), contextual fear conditioning
tests (p < 0.05) and object location memory tests (p < 0.05).

Molecular Changes:

Liraglutide administration at 25 nmol/kg was associated with attenuation
of abnormal tau hyperphosphorylation in the non-human primate brains,
but only modest attenuation of ABO-induced synaptic loss in the frontal
cortex (p = 0.1480).

Liraglutide administration was increased incrementally 500 pg/kg/day
daily for 20 weeks

Cognitive Changes:

Administration of liraglutide significantly reduced acquisition phase
performance during the MWM test in mice with T2DM and AD (p < 0.01).
This trend was replicated, wherein mice administered with liraglutide were
associated with time spent in the target quadrant (p = 0.002).

Cellular Changes:

Administration of liraglutide was associated with significant reduction in
microglial burden in APP/PS1 mice (p < 0.01).

Molecular Changes:

Administration of liraglutide significantly reduced amyloid plaque burden
in APP/PS1 mice (p < 0.001).

Cognitive Changes:

MWM performance was increased in AD mice after administration of
liraglutide at a dosage of 300 pg/kg daily via subcutaneous injection for 8
weeks. This improvement was characterized by a significant decrease in
path length (p < 0.05) and significant increases in target quadrant
preferences during the probe trial test (p < 0.05).

Molecular Changes:

Liraglutide administration at 300 pg/kg daily via subcutaneous injection
for 8 weeks was associated with attenuation of tau hyperphosphorylation
(p < 0.05) and neurofilaments (p < 0.05) in AD mice. Similarly, liraglutide
rescued JNK and ERK signaling in AD mice (p < 0.05).

Cognitive Changes:

Administration of 200 pg/kg liraglutide daily in AD mice was associated
with reductions in escape latency on day 5 of the MWM test (p < 0.05), but
not between training days 1-4.

Cognitive Changes:

AD mice treated with liraglutide at a dosage of 28 mg/kg daily for 28 days
did not exhibit significant improvements in the open field test, Y-maze test,
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Han et al. (2013)

Hansen et al.
(2015)

Hansen et al.
(2016a)

Hansen et al.
(2016b)

Hao et al. (2024)

Holubova et al.
(2019)

Animal Male Sprague-Dawley
Study Rats

Animal SAMPS mice

Study

Animal Female transgenic
Study hAPP, ,,/PS1 p246r mice

Female transgenic
hAPP/PS1 g mice
Wild-type FVB/N x
C57Bl/6 J control mice

Animal 53 total mice

Study 36 female hTauP301L
FVB/N mice
17 female wild-type
mice

Animal APP/PS1 male mice

Study

Animal APP/PS1 male mice

Study C57BL/6 male mice

AD

AD

AD

AD

Tauopathies

AD

Morris Water Maze
(MWM) test

Novel Object
Recognition (NOR)
test

T-maze test

Morris Water Maze
(MWM) test

Novel Object
Recognition (NOR)
test

T-maze test

Clasping Behavior

Stereological Analysis

Morris Water Maze
(MWM) test

Open Field task
Y-Maze test

N/A

13

and MWM test (p > 0.05).

Molecular Changes:

Liraglutide administration at 0.2 mg/kg daily for 28 days reduced brain
AB1_42 levels significantly F(2,14) = 15.206; p < 0.0001.

AD mice treated with liraglutide at a dosage of 28 mg/kg daily for 28 days
exhibited normalized levels of proinflammatory markers IL—10

(Z =-0.319, p = 0.805) and IL-1f (Z = —2.00, p = 0.051) in comparison
to wild-type mice.

Liraglutide administration non-significantly reduced oxidative stress
marker 8-OHdG (p > 0.05).

Cognitive Changes:

Administration of liraglutide at a dosage of 0.05 nmol did not attenuate
AP25-35-induced increases in escape latency during the MWM test

(p > 0.05), but attenuated increases in escape latency at dosages of 0.5
nmol (p < 0.05) and 5 nmol (p < 0.05).

Liraglutide administration was associated with significant increases time
spent in target quadrants at 0.5 nmol (38.01 + 1.67 % vs. 24.85 + 0.89 %);
p < 0.05) and 5 nmol (43.22 £ 0.93 % vs. 24.85 + 0.89 %; p < 0.05) in
comparison to no liraglutide administration.

Cognitive Changes:

Liraglutide mice were either treated with 100 pg/kg or 500 pg/kg daily
over 4 months. Liraglutide-treated mice required significantly fewer tests to
complete the memory retention test in comparison to 10-month-old
vehicle-dosed mice (p < 0.001).

Cellular Changes:

Mice treated with 100 pg/kg liraglutide exhibited significantly higher
levels of CA1 pyramidal neurons in comparison to vehicle-dosed mice
(14.3 £ 0.3 %, p < 0.01). However, mice treated with 500 pg/kg
liraglutide had no significant effect on pyramidal neuron levels (p > 0.05).
No significant changes in survival were associated with liraglutide.
Cognitive Changes:

Transgenic mice administered with 100 ng/kg/day liraglutide for 3 months
exhibited no differences in MWM task performance, notably within the
time required to reach the platform and time spent in target quadrant

(p < 0.05) in comparison to control mice. This trend was not replicated in
mice administered with 500 ng/kg/day liraglutide daily for 3 months.
Mice treated with liraglutide exhibited no significant differences in latency
to platform, time spent in target quadrant, and latency time required to
reach the platform during the probe task (p > 0.05).

Molecular Changes:

No significant differences in p-amyloid plaque volumes were observed
between mice injected with liraglutide or saline in both mice populations
(p > 0.05).

Cognitive Changes:

Daily 500 mg/kg liraglutide was administered for 22 weeks, wherein mice
administered with liraglutide exhibited significant reductions in hind limb
motor impairment, characterized by reduced clasping behavior in
comparison with vehicle injection (p = 0.003, y* = 13.67, df = 3).
Similarly, survival rates were significantly increased (p = 0.003, y? =
8.655, df = 1).

Molecular Changes:

Liraglutide administration was associated with significant reductions in
neuronal phospho-tau volumes in comparison to vehicle injection

(p < 0.0001, F(2140) = 42.06). Specifically, significant reductions were
observed in the ventral pons (0.053 + 0.014 mm?; 69.4 + 7.9 % reduction,
p < 0.001), dorsal pons (0.043 + 0.010 mm?; 59.5 + 12.9 % reduction,

p < 0.05) medulla (0.046 + 0.012 mm?; 61.0 + 8.6 % reduction,

p < 0.01), and non-significantly in the diencephalon (0.034 + 0.015 mm?;
50.7 £+ 22.5 % reduction, p < 0.05).

A significant, positive linear correlation was observed between neuronal
phospho-tau load and severity of clasping behavior (r* = 0.8829,

p < 0.001)

Cognitive Changes:

Administration of liraglutide significantly shortened the escape latency of
APP/PS1 in comparison to controls on day 4 (p < 0.05) and day 5

(p < 0.01).

Liraglutide administration was associated with significant increases in
rearing numbers during the open field task in comparison to controls

(p < 0.05).

Liraglutide administration was associated with significant increases in
spontaneous alterations of the Y-maze test in comparison to controls

(p < 0.01).

Molecular Changes:

Administration of liraglutide significantly decreased the density of Af1-42
in comparison to no liraglutide administration (p < 0.01).

Cellular Changes:

Administration of liraglutide was associated with a non-significant
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Long-Smith et al. Animal

(2013) Study
Maskery et al. Animal
(2020) Study
McClean and Animal
Holscher Study

(2014b)
McClean et al. Animal
(2011) Study
McClean et al. Animal
(2015) Study
Paladugu et al. Animal
(2021) Study

APPgyr/PS1 5o mice
Wild-type C57BL/6
mice

Male APPsyg/PS1 AR
mice

APPgyg/PS1 g9 mice
Wild-type C57BL/6
mice

APPgyg/PS1 g9 mice
Wild-type C57BL/6
mice

APPgyg/PS1 g9 mice
Wild-type C57BL/6
mice

48 total mice
24 5xFAD mice

AD

AD

AD

N/A

Morris Water Maze
(MWM) test

Morris Water Maze
(MWM) test

Morris Water Maze
(MWM) test
Object Recognition
Task

Morris Water Maze
(MWM) test
Object Recognition
Task

Passive Avoidance
(PA) task
Open Field task

14

reduction in dentate gyrus microgliosis (p = 0.3484), but was associated
with significant reductions in astrocytosis in the cortex (p = 0.0348)
Molecular Changes:

Mice administered daily with 0.2 mg/kg liraglutide over two months
exhibited significant decreases in the number and size of A plaques in the
CALl area of the hippocampus [F(2, 25) = 4.410, p = 0.0229 (one-way
ANOVA); p = 0.0303.

Mice were administered with 25 nm/kg liraglutide i.p. biweekly over 6
months.

Cellular Changes:

Administration of liraglutide in AD mice was associated with significant
decreases in astrocytic activation (p < 0.01) and Ibal-tagged microglia
(p < 0.05) in comparison to saline injection.

Molecular Changes:

Liraglutide administration in AD mice was significantly associated with
decreases in f-amyloid levels (31.5 %, p < 0.0001) in comparison to saline
injection.

Cognitive Changes:

AD mice administered with 10 nmol/kg liraglutide were associated with
significant decreases in acquisition phase time in (p < 0.01) in comparison
to saline injections, indicating improvements in spatial learning.
Administration of liraglutide in AD mice was not significantly associated
with significant increases in time spent in target quadrant in comparison to
saline administration (p > 0.05) during the probe test.

Molecular Changes:

AD mice administered with liraglutide exhibited a non-significant decrease
in beta-amyloid plaque load in the neocortex (p > 0.05). Similarly, non-
significant decreases in proinflammatory cytokines IL—1p (p > 0.05) and
TNF-a (p > 0.05) were observed in comparison to saline administration.
Cognitive Changes

25 nm/kg bw, i.p. liraglutide daily for 8 weeks was associated with
significantly reduced escape latency during MWM tasks in wild-type

(p < 0.05) and AD mice (p < 0.01). Similarly, significant increases in time
spent in target quadrants during the probe task was observed in AD mice in
comparison to saline treatment (p < 0.05).

Molecular Changes:

Administration of liraglutide in AD mice was associated with significant
decreases in f-amyloid load (p = 0.0007), soluble amyloid oligomer levels
(p = 0.0355), and total APP levels (p = 0.0423).

Cognitive Changes:

AD mice administered with saline and liraglutide 30 minutes prior to open-
field behavior tests yielded no significant results.

AD mice administered daily with 25 nm/kg bw, i.p. liraglutide for 8 weeks
exhibited significant improvements in recognition memory (p = 0.0013).
Administration of liraglutide in wild-type mice was associated with
significant reductions in escape latencies during the MWM test (p < 0.01)
in comparison to saline treatment.

Cellular Changes:

Administration of liraglutide in AD mice resulted in a significant reduction
of activated microglia in the cortex (50 %, p < 0.001) in comparison to
saline administration.

Molecular Changes:

Administration of liraglutide in AD mice resulted in significant reductions
in p-amyloid plaque formation in the cortex (50 %, p < 0.001) and brain
APP levels (p = 0.0272) in comparison to saline administration.
Cognitive Changes:

Both wild-type mice and AD mice administered daily with 25 nm/kg
liraglutide for 8 months exhibited no significant changes in open field tests.
AD mice administered with liraglutide exhibited significantly higher
preference for novel objects during object recognition memory tasks in
comparison to saline treatment (p < 0.05).

Liraglutide significantly reduced escape latency during MWM tests (F =
53.5, p < 0.0001) and significantly increased time spent in target
quadrants during the probe task (p < 0.05) in comparison to saline
treatment.

Cellular Changes:

Administration of liraglutide was associated with significant decreases in
Ibal-marked microglia (50 %, p < 0.0001) in the cortex and the CA1
region of the hippocampus (47 %, p < 0.0001) in comparison to saline
treatment.

Molecular Changes:

Administration of liraglutide was associated with significant decreases in
beta-amyloid plaque load in the cortex (40 %, p < 0.001) and CA1 region
of the hippocampus (45 %, p < 0.001) in comparison to saline treatment.
Cognitive Changes:

No significant differences in behavioral measures were observed after
liraglutide treatment in passive avoidance, open-field, and novel object-
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Qi et al. (2016)

Salles et al.
(2018)

Salles et al.
(2020)

Xie et al. (2021)

Xiong et al.
(2013)

Zhang et al.
(2023)

Animal
Study

Animal
Study

Animal
Study

Animal
Study

Animal
Study

Animal
Study

24 age-matched wild-
type mice

C57BL/6 mice AD

Female APP/PS1 mice AD

APP/PS1 mice AD
Wild-type C557BL/6

mice

5x FAD mice AD

24 male Kunming mice AD

36 A53T transgenic PD
mice

Novel Object
Recognition (NOR)
task

Morris Water Maze
(MWM) test
Y-maze test

N/A

N/A

N/A

Morris Water Maze
(MWM) test

Rotarod Test
Pole Test
Open Field test

15

recognition tasks (p > 0.05).

Cellular Changes:

5xFAD mice administered daily with 25 nM/kg liraglutide for 30 days
exhibited significantly reduced activation of GFAP-immunoreactive
astrocytes in the CA1 region of the hippocampus (p < 0.01) when
compared to vehicle administration. In contrast, no significant changes in
Ibal-positive microglial cells were observed following liraglutide
treatment in comparison to vehicle controls (p > 0.05).

Molecular Changes:

Liraglutide administration in 5XFAD mice was associated with significant
decreases in hippocampal A levels in comparison to vehicle injection

(p < 0.001). Similarly, liraglutide was associated with significant
reductions in phosphorylated Akt in the cortex (p < 0.01) and significant
increases in pGSK3p in the hippocampus in comparison to vehicle controls
(p < 0.01).

Cognitive Changes:

Daily subcutaneous injections of 25 nmol/kg liraglutide over 8 weeks was
associated with significant reversal of AB; 4p-induced decline in Y maze
performance (p < 0.05). Similarly, liraglutide was associated with
significant reductions in escape latency during the MWM test (p < 0.05)
and increases in time spent in target quadrant during the probe task

(p < 0.05) in mice injected with AB; 4.

Molecular Changes:

Administration of liraglutide significant reversed Af;_4>-induced tau
hyperphosphorylation (p < 0.05), and reversed Af;_4>-induced decreases
in pAkt (p < 0.05) and pGSK3p (p < 0.05).

Cellular Changes:

Administration of liraglutide was associated with increases in DCX-positive
neuroblasts in the subventricular zone of APP/PS1 mice (p < 0.01), but not
astrocyte numbers (p > 0.05) in comparison to saline treatment.
Molecular Changes:

Administration of liraglutide was associated with significant reductions in
Ap plaque load in the cortex (p < 0.0001), CA1 region of the HPC

(p < 0.01), and the dentate gyrus (DG) (p < 0.0001) in comparison to
saline.

Cellular Changes:

AD mice administered daily with 25 nmol/kg liraglutide for 4 weeks
exhibited significant increases in newborn neurons (p < 0.01) in
comparison to saline injection. Additionally, liraglutide administration
significantly reduces Ibal-marked microglia (p < 0.0001) and
hippocampal GFAP-marked astrocytes (p < 0.01).

Molecular Changes:

Administration of liraglutide significantly reduced Ap plaque load in the
CAL region of the HPC (p < 0.001), cortex (p < 0.0001), and dentate gyrus
(p < 0.001).

Mice were administered with 25 nmol/kg liraglutide daily for 8 weeks.
Cellular Changes:

Administration of liraglutide was associated with significant attenuation of
AD-associated neuronal loss in the cortex (p < 0.05), and non-significantly
in the hippocampus (p > 0.05)

Molecular Changes:

Administration of liraglutide was associated with increased activation of
the cAMP / PKA pathway (p < 0.05), simultaneously attenuating
overproduction of ROS (p < 0.05), and enhancing production of ATP

(p < 0.05).

Cognitive Changes:

Mice administered with 300 ug/kg daily over 14 days in conjunction with
30 days of daily 3 mg/kg STZ administration exhibited significant
reductions in escape latency during MWM tests (p < 0.05) and significant
increase in time spent in target quadrant during probe trials (p < 0.05) in
comparison to STZ and saline administration.

Molecular Changes:

Liraglutide administration was associated with significant decreases in tau
phosphorylation (p < 0.05) in the cerebrum.

Cognitive Changes:

Liraglutide administration at a dosage of 50 nmol/kg daily via i.p. for 14
consecutive days was associated with significant improvements in the
Rotarod Motor Assessment in comparison to saline groups (p < 0.05).
Liraglutide administration at a dosage of 50 nmol/kg daily via i.p. for 14
consecutive days was associated with significant improvements in the Pole
Test in comparison to saline groups (p < 0.01).

Liraglutide administration at a dosage of 50 nmol/kg daily via i.p. injection
for 14 consecutive days was associated with significant improvements in
the Open Field Test in comparison to saline groups (p < 0.05).
Molecular Changes:

Administration of liraglutide at a dosage of 50 nmol/kg daily via i.p.
injection for 14 consecutive days resulted in significant reductions in a-Syn
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Lixisenatide
Cai et al. (2014) Animal
Study

Cai et al. (2017) Animal
Study

Cai et al. (2018) Animal

Study
Semaglutide
Forny Germano Animal
et al. (2024) Study

Adult male Sprague-
Dawley rats

Adult male Sprague-
Dawley rats

3xTg-AD mice

5xFAD mice
APP/PS1 mice

AD

AD

Morris Water Maze
(MWM) test

Morris Water Maze
(MWM) test
Y-Maze test

N/A

Morris Water Maze
(MWM) test

Open Field test
Novel Object
Recognition (NOR)
test

16

levels in the substantia nigra in comparison to saline (p < 0.05).
Administration of liraglutide at a dosage of 50 nmol/kg daily via i.p.
injection for 14 consecutive days resulted in significant reductions on TNF-
a (p < 0.001) and IL—1p (p < 0.01) levels in the substantia nigra
comparison to control.

Administration of liraglutide at a dosage of 50 nmol/kg daily via i.p.
injection for 14 consecutive days resulted in significant reductions on TNF-
a (p < 0.05) but not IL—1 (p > 0.05) levels in the striatum comparison to
control. In contradistinction, liraglutide administration was associated
with significant increases on IL—10 levels in the striatum (p < 0.001).

Cognitive Changes:

Lixisenatide injections, administered bilaterally into the hippocampi at a
concentration of 5 nmol/pL (total volume of 2 L per side), significantly
reverted AB25-35-induced spatial learning disabilities in the MWM test,
characterized by significant decreases in escape latency (p < 0.001;

n = 10).

Lixisenatide injection significantly reverted Ap25-35-induced spatial-
memory deficits in the probe trial during the MWM test, characterized by
reversion of AB25-35-induced decreases in swimming time in target
quadrants (p < 0.001; n = 10).

Molecular Changes:

Lixisenatide, injected bilaterally into the hippocampi at 5 nmol/pL (2 pL
per side), significantly reversed Ap25-35-induced decreases in pGSK3 (S9)
(p < 0.05; n = 6) and increases in pGSK3p (Y216) (p < 0.05; n = 6).
Cognitive Changes:

Lixisenatide, administered intrahippocampally at a dosage of 5 nmol/ul
with an injection rate of 0.2 ul/min, showed a significantly reduced
AP25-35-induced spatial working memory during the Y-maze working
memory test (p < 0.001; n = 10).

Cellular Changes:

Lixisenatide, administered intrahippocampally at 5 nmol/ul with a 0.2 pl/
min injection rate, significantly reduced Ap25-35-induced cytotoxicity in
hippocampal neurons (p < 0.001; n = 10).

Molecular Changes:

Lixisenatide, at an intrahippocampal dosage of 5 nmol/pl administered at
0.2 pl/min, significantly reversed Ap25-35-induced decreases in pAkt and
MEK1/2 (p < 0.05; n = 10).

Cellular Changes:

Lixisenatide at 10 nmol/kg daily significantly reduced the percentage of p-
tau positive cells in the hippocampi of APP/PS1/tau mice in comparison to
saline injections (62.30 % + 4.90 % vs. 89.20 % =+ 6.20 %; p = 0.037)
Lixisenatide at 10 nmol/kg daily significantly decreased
neuroinflammation in the hippocampi of APP/PS1/tau mice, characterized
by changes in microglia marked by percentage of Ibal + cells. Significant
decreases were noted, wherein mice injected with lixisenatide exhibited
significantly reduced levels of Ibal -+ cells in comparison to saline (7.41 %
+0.90 % vs. 16.85 % + 1.90 %; p = 0.037).

Molecular Changes:

Lixisenatide, administered at a dosage of 10 nmol/kg i.p. daily for 60 days,
significantly reduced the percentage of Ap-area in the hippocampi of APP/
PS1/tau mice in comparison to saline injections (5.87 % =+ 0.70 % vs.
9.48 % + 1.20 %; p = 0.04).

Lixisenatide at 10 nmol/kg daily administration significantly reduced
percentage of p-tau area in the hippocampi of APP/PS1/tau mice in
comparison to saline injections (14.99 % =+ 1.40 %% vs. 32.58 %

+ 3.90 %; p = 0.043)

The 10 nmol/kg dosage of lixisenatide reverted the suppression of the PKA
signaling (p = 0.039) and CREB signaling (p = 0.042) in the hippocampi of
APP/PS1/tau mice. In contrast, lixisenatide significantly inhibited
activation of the p38-MAPK pathway (p = 0.038).

Mice were administered initially with 10 nmol/kg semaglutide or 2.5
nmol/kg tirzepatide, ramping up to 17 nmol/kg semaglutide or 5 nmol/kg
tirzepatide after one week, and 25 nmol/kg semaglutide or 10 nmol/kg
tirzepatide after two weeks.

Cognitive Changes:

Semaglutide treatment was associated with increased time spent in the
center area in female 5XFAD (p < 0.05) and decreased time spent in the
center area in APP/PS1 mice (p < 0.05). These trends were not replicated
in male 5xFAD (p > 0.05) and APP/PS1 mice (p > 0.05). Additionally,
semaglutide treatment was not associated with improvements in
exploration time during the NOR test in both 5xFAD and APP/PS1 mice
(p > 0.05). Similarly, semaglutide was not associated with significant
changes in escape latency (p > 0.05) and number of target quadrant
crossings (p > 0.05) during the MWM test.

Tirzepatide was associated with increasing exploration times and

(continued on next page)
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Wang et al.
(2023)

Zhang et al.
(2022b)

Tirzepatide
Yang et al. (2024)

Animal
Study

Animal
Study

Animal
Study

100 total mice

50 3xTg APP/PS1/Tau
mice

50 C57B6/129 wild-
type mice

40 male Sprague-
Dawley rats

APP/PS1 mice

Glucagon-Like Peptide—1 Receptor Agonists

McClean and
Holscher
(2014a)

Animal
Study

APPgy/PS1 zrg mice
Wild-type C57BL/6
mice

AD Open Field test
Novel Object
Recognition (NOR)

test
Y-maze test

PD N/A

AD N/A

AD Object Recognition
Task
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discrimination indices for the novel object in male 5XxFAD mice (p < 0.05).
Notwithstanding, these trends were not replicated in female 5xFAD mice
(p > 0.05). Additionally, tirzepatide was not associated with increases in
time spent in the center area during the open field test in 5XFAD mice

(p > 0.05). Finally, tirzepatide was not associated with significant changes
in escape latency (p > 0.05) and number of target quadrant crossings

(p > 0.05) during the MWM test.

Cellular Changes:

Administration of semaglutide was not associated with reductions in Ibal-
positive microglia and GFAP-positive astrocytes in both 5xFAD and APP/
PS1 mice (p > 0.05).

Tirzepatide did not significantly alter Ibal-positive microglia or GFAP-
positive astrocyte cell density in 5XFAD mice.

Molecular Changes:

Administration of semaglutide was associated with reductions in Ap plaque
in the hippocampus of female APP/PS1 mice (p < 0.05). This was not
consistently replicated in the cerebral cortex, hippocampus, and subiculum
of both 5xFAD and APP/PS1 mice (p > 0.05).

Administration of tirzepatide was not associated with reductions in Ap
plaque in the cerebral cortex, hippocampus, and subiculum of both 5xFAD
and APP/PS1 mice (p > 0.05).

Cognitive Changes:

Mice administered with bidiurnal 0.1 mg/kg semaglutide i.p. for 30 days
exhibited significant increases in novel object recognition (p < 0.05,

n = 10).

Molecular Changes:

Semaglutide administration ameliorated AD-associated decreases in SIRT1
(p < 0.01) and GLUT4 (p < 0.01).

Injection of semaglutide was associated with significant decreases in tau
levels in the hippocampus of 3xTg mice (p < 0.01).

Cellular Changes:

Bidiurnal administration of 25 nmol/kg semaglutide for 31 days
significantly protected against PD-associated dopaminergic neurons in the
substantia nigra (n = 6, p < 0.005) in comparison to saline controls.
Molecular Changes:

Semaglutide was not significantly associated with changes in striatal
dopamine levels in comparison to controls (p > 0.05).

Contrastingly, semaglutide administration significantly reverted PD-
associated increases in TNF-a (n = 5, p < 0.005) and IL—1p (n = 5,

p < 0.0002). Similarly, semaglutide was associated with decreased a-syn
monomer levels in comparison to saline control (n =5, p < 0.01).

Cellular Changes:

Mice administered with weekly 10 nmol/kg tirzepatide i.p. for 8 weeks
exhibited significant reduction in astrocyte activation in comparison to
saline control (p < 0.01).

Molecular Changes:

Tirzepatide was associated with significant decreases in Ap-plaques in the
cortex (p < 0.001), but not hippocampus of mice in comparison to saline
control.

Tirzepatide administration reverted Ap-induced production of ROS

(p < 0.001).

Cognitive Changes:

No significant effect in the object recognition task were observed in AD
mice following administration of 1 nmol/kg lixisenatide (n = 12,

p = 0.1674), 10 nmol/kg lixisenatide (n = 12, p = 0.1192), 2.5 nmol/kg
liraglutide (n = 12, p = 0.2338), and 25 nmol/kg liraglutide (n = 12,

p = 0.2594) in comparison to saline treatment 30 minutes prior to the task.
Notwithstanding, a significant increase in recognition index in the object
recognition task was observed following daily administration of 1 nmol/kg
lixisenatide (n = 12, p = 0.0336), 10 nmol/kg lixisenatide (n = 12,

p = 0.0456), and 25 nmol/kg liraglutide (n = 12, p = 0.0318), but not 2.5
nmol/kg liraglutide (n = 12, p = 0.0690) in comparison to saline
treatment over 66 days.

Daily administration of lixisenatide and liraglutide at all doses did not have
a significant effect on open field behavior in both wild-type and AD mice
treated with 1 nmol/kg lixisenatide, 10 nmol/kg lixisenatide, 2.5 nmol/kg
liraglutide, and 25 nmol/kg liraglutide over 65 days.

Cellular Changes:

Significant reductions in activation of Ibal-marked microglia was observed
in AD mice administered daily with 1 nmol/kg lixisenatide (47 %,

p < 0.001,n = 11), 10 nmol/kg lixisenatide (43 %, p < 0.001,n = 11), 2.5
nmol/kg liraglutide (48 %, p < 0.001, n = 11), and 25 nmol/kg liraglutide
(49 %, p < 0.001, n = 11) over 10 weeks in comparison to saline
administration.

Molecular Changes:

(continued on next page)
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Animal 72 C57BL/6 mice PD

Study

Zhang et al.
(2019)

Open Field test
Rotarod test

Significant reductions in beta amyloid plaques in the cortex was observed
in AD mice administered daily with 1 nmol/kg lixisenatide (49 %,

p < 0.05, n = 11), 10 nmol/kg lixisenatide (43 %, p < 0.05, n = 11), 2.5
nmol/kg liraglutide (46 %, p < 0.01, n = 11), and 25 nmol/kg liraglutide
(45 %, p < 0.01, n = 11) over 10 weeks in comparison to saline
administration.

Cognitive Changes:

Bidiurnal administration of 25 nmol/kg i.p. semaglutide over 30 days in
MPTP-induced PD models was significantly associated with increases in
distance traveled during the open field test (n = 12, p < 0.001), time spent
on rotating rod during rotarod tests (n = 12, p < 0.001), and grip strength
(n =12, p < 0.001).

Daily administration 25 nmol/kg i.p. Liraglutide over 30 days in MPTP-
induced PD models was significantly associated with increases in distance
traveled during the open field test (n = 12, p < 0.01), time spent on
rotating rod during rotarod tests (n = 12, p < 0.001), and grip strength
(n =12, p <0.001).

Cellular Changes:

Administration of semaglutide in MPTP-induced PD mice was associated
with significant attenuation in dopaminergic neuronal loss in the substantia
nigra (p < 0.001), and was significantly more efficient than liraglutide

(p < 0.05). Contrastingly, administration of semaglutide was associated
with significant reductions in striatal activation of astrocytes (n = 6,

p < 0.001) and microglia (n = 6, p < 0.001), wherein semaglutide was
significantly more efficacious in reducing astrocyte activation in
comparison to liraglutide (p < 0.05).

Administration of liraglutide in MPTP-induced PD mice was associated
with significant attenuation of dopaminergic neuronal loss in the substantia
nigra (p < 0.01). Contrastingly, administration of liraglutide was
associated with significant reductions in striatal activation of astrocytes
(n =6, p < 0.001) and microglia (n = 6, p < 0.001).

Molecular Changes:

Semaglutide was associated with significant decreases in striatal liquid
peroxidation (n = 6, p < 0.001) and «-Syn levels in the substantia nigra
(n = 4, p < 0.001). Semaglutide was significantly more effective than
liraglutide (p < 0.05).

Liraglutide was associated with significant decreases in striatal liquid
peroxidation (n = 6, p < 0.001) and «-Syn levels in the substantia nigra
(n=4,p<0.01).

Abbreviations: T2DM = Type 2 Diabetes Mellitus, AD = Alzheimer’s Disease, PD = Parkinson’s Disease, MWM = Morris Water Maze, Ex-4 = Exendin-4, i.p.
= Intraperitoneal, i.c.v. = Intracerebroventricular, APP = Amyloid Precursor Protein, ROS = Reactive Oxygen Species, N/A = Not Available

tests and time spent in target quadrant during probe tasks (Zhou et al.,
2019). Due to the limited data, a comprehensive evaluation of GLP-1’s
cognitive effects cannot be made.

3.4.1.3. Cognitive Effects of Exenatide on Alzheimer’s Disease in Animals.
We identified 9 studies examining the cognitive effects of exenatide on
AD in animal models (Bomba et al., 2013, 2019; Chen et al., 2012;
Garabadu and Verma, 2019; Jia et al., 2016; Robinson et al., 2019; Song
et al., 2022; Wang et al., 2016, 2018).

Results from Song et al. (2022) identified that Ex-4 attenuated pro-
gression of paralysis in Caenorhabditis elegans following administration
of Ex-4 at 0.3mg/ml (p=0.0157), 0.5 mg/ml (p < 0.0001), and
1.2 mg/ml (p < 0.0001). Additionally, findings from Garabadu and
Verma (2019) reported that Ex-4 administration ameliorated Ap-
induced memory deficits in rats, reverting decreases in spontaneous
alternation behavior in the Y-maze test (p < 0.05), and significantly
reducing escape latency during the MWM test (p < 0.05). These trends
were replicated in a study by Chen et al. (2012) (n = 30), wherein Ex-4
administration in rats significantly reverted streptozotocin (STZ)-
induced increases in escape latencies (p < 0.05) and STZ-induced de-
creases in target quadrant time during the probe task (p < 0.05). Find-
ings from Jia et al. (2016) further supported these results, wherein
administration of 0.2 nmol Ex-4 (n = 10) and 2 nmol Ex-4 (n = 10)
reverted AB; 42 induced increases in escape latency (p < 0.05), swim
distances to hidden platforms (p > 0.05) during the MWM task, simul-
taneously increasing time spent in target quadrants during the probe
task (p > 0.05).

In accordance with the aforementioned results, Robinson et al.
(2019) reported that Ex-4 administration in AD mice models
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significantly reduced escape latencies during the MWM task
(p = 0.011). These findings were supported by Wang et al. (2018),
wherein Ex-4 administration in APP/PS1 mice significantly decreased
escape latencies (p < 0.01) and increased time spent in target quadrants
during probe tasks (p < 0.01) in comparison to controls. Similarly,
findings by Wang et al. (2016) reported that Ex-4 attenuated AB31-35-
induced increases in escape latency on days 2-5 of the MWM test
(p < 0.05), whilst attenuating decreases in time spent in target quad-
rants during the probe task (p < 0.05). Interestingly, Ex-4 was also
associated with attenuating AB31-35-induced decreases in locomotor
activity (p < 0.05) (Wang et al., 2018). However, two disparate studies
by Bomba et al. (2013) (n = 47) and Bomba et al. (2019) (n = 46)
indicate that exenatide administration in 3x-Tg AD mice had no signif-
icant effect on results in the MWM tests and object recognition tests
(p > 0.05). Taken together, these results indicate that exenatide is likely
to exert an overall protective effect against AD-associated cognitive
deficits.

3.4.1.4. Cognitive Effects of Liraglutide on Alzheimer’s Disease in Ani-
mals. We identified 19 studies that evaluated the cognitive effects of
liraglutide on animal models of AD (Table 3). Animal studies by Duarte
et al. (2020) and McClean et al. (2011) reported no significant changes
in open field test performance following liraglutide administration in
3xTg ADand APPgwg/PS1 Agg mice, respectively. Additionally, studies by
McClean and Holscher (2014a) and Paladugu et al. (2021) reported no
significant changes in open field test performance and novel object
recognition tasks. Notwithstanding, findings from Batista et al. (2018)
identified an association between liraglutide administration improved
novel object recognition (p < 0.05) and object location memory test
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performances (p < 0.05) in mice. Similarly, McClean et al. (2015) re-
ported no significant changes in open field test performances (p > 0.05),
but identified significant improvements in novel object recognition tasks
(p < 0.05).

In addition to the aforementioned findings, liraglutide administra-
tion was associated with significant reductions in escape latency during
MWM tests (F = 53.5, p < 0.0001) and significant increases in time
spent in target quadrants during the probe task (p < 0.05). Similar to
McClean et al. (2015), a disparate study also identified significant de-
creases in path lengths during MWM tests (p < 0.05) and significant
increases in time spent in target quadrant during probe tasks (p < 0.05)
following liraglutide administration in transgenic AD mice (Chen et al.,
2017). Additionally, a study by Bakhshwin et al. (2024) (n = 25) re-
ported that liraglutide administration was associated with significant
reductions in escape latency (5.40 %; p < 0.01). Similarly, administra-
tion of liraglutide significantly reduced escape latency during MWM
tasks (p < 0.05) and increases in time spent in target quadrant during
probe tasks (p < 0.05) in both wild-type and APPgywg/PS1ag9 mice
(McClean and Holscher, 2014b). These trends in the MWM and probe
tasks were similarly replicated in STZ-models of AD mice, transgenic
APPLanslA246E mice, Aﬁl_42—induced AD models of C57BL/6 mice,
APP/PS1 transgenic mice, and 5xFAD mice (Carranza-Naval et al., 2021;
Dong et al., 2022; Hansen et al., 2016a; Qi et al., 2016; Xiong et al.,
2013) (Table 3).

These trends were further replicated in an AB25-35-induced AD rat
model by Han et al. (2013), wherein Ap25-35-induced increases in
escape latency was attenuated following 0.5 nmol liraglutide (p < 0.05)
and 5 nmol liraglutide administration (p < 0.05), but not 0.05 nmol
liraglutide administration (p > 0.05). Additionally, liraglutide was
associated with significant increases time spent in target quadrants at
0.5 nmol (38.01 + 1.67 % vs. 24.85 + 0.89 %; p < 0.05) and 5 nmol
(43.22 + 0.93 % vs. 24.85 + 0.89 %; p < 0.05) in comparison to no
liraglutide administration (Han et al., 2013). In a disparate study by Hao
et al. (2024), wherein administration of liraglutide was associated with
significant increases in rearing numbers during the open field tasks
(p < 0.05) and spontaneous alterations of the Y-maze task (p < 0.01) in
comparison to controls. Notwithstanding, however, two separate studies
identified no significant changes in probe tests and MWM tests,
respectively (Duarte et al., 2020; Maskery et al., 2020).

Interestingly, results from Duarte et al. (2020) also identified no
significant changes in the Y-maze test (p > 0.05). Contrastingly, a
separate study reported that liraglutide significantly reverted
Ap1_42-induced decline in Y-maze performances (p < 0.05) (Qi et al.,
2016). In addition, liraglutide administration in SAMP8 mice was also
associated with significant improvements in memory retention tests
(p < 0.001) (Hansen et al., 2015). Furthermore, a study by Hansen et al.
(2016b) identified significant increases in survival rates associated with
liraglutide administration (p = 0.003, Xz = 8.655, df = 1). Taken
together, these results indicate that liraglutide may improve motor
function and cognitive memory in AD models of mice.

3.4.1.5. Cognitive Effects of Lixisenatide on Alzheimer’s Disease in Ani-
mals. We identified 3 studies examining the cognitive effects on AD in
animal models (McClean and Holscher, 2014a; Cai et al., 2014, 2017). In
an animal study by Cai et al. (2014), lixisenatide injection in rats
significantly reverted AB25-35-induced increases in escape latency in
WMW tests (p < 0.001; n=10) and AB-25-35-induced decreases in
time spent in target quadrants (p < 0.0001; n = 10). These cognitive
benefits were also observed during Y-maze working memory tests in rats
(p < 0.001; n = 10) in a separate study by Cai et al. (2017). Addition-
ally, findings from McClean and Holscher (2014a) reported significant
increases in recognition index in the object recognition task following
daily administration of 1 nmol/kg lixisenatide (n = 12, p = 0.0336) and
10 nmol/kg lixisenatide (n =12, p=0.0456) for 66 days in
APPgwr/PS1apg mice. These results suggest a positive association
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between lixisenatide administration and amelioration of AD-like
symptoms.

3.4.1.6. Cognitive Effects of Semaglutide on Alzheimer’s Disease in Ani-
mals. There is currently insufficient information examining the effects
of semaglutide on cognitive effects of AD in animals. Notwithstanding,
findings from Wang et al. (2023) identified significant improvements in
novel object recognition (p < 0.05, n = 10) in mice. In contrast, findings
from Forny Germano et al. (2024) reported that semaglutide adminis-
tration was not associated with improvements in exploration time dur-
ing the novel object recognition test in both 5xFAD and APP/PS1 mice
(p > 0.05). Simultaneously, semaglutide was not associated with
changes in escape latency (p > 0.05) and number of target quadrant
crossings (p > 0.05) during the MWM test (Forny Germano et al., 2024).
Notwithstanding, semaglutide treatment in female 5x FAD mice was
associated with increased time spent in the center area during the open
field tests (p < 0.05) and decreased time spent in center area in female
APP/PS1 mice (p < 0.05) (Forny Germano et al., 2024). These trends
were not replicated in male 5x FAD and APP/PS1 mice, wherein no
significant effect was observed (p > 0.05) (Forny Germano et al., 2024).
Due to the limited data available, a comprehensive evaluation of sem-
aglutide’s effect on cognitive changes in AD cannot be made.

3.4.1.7. Cognitive Effects of Tirzepatide on Alzehimer’s Disease in Ani-
mals. In addition to examining changes in cognition following sem-
aglutide administration, Forny Germano et al. (2024) also examined the
cognitive effects of tirzepatide in mice. Results indicated that tirzepatide
was associated with increasing exploration times and discrimination
indices for the novel object in male 5xFAD mice (p < 0.05), but not in
female 5xFAD mice (p > 0.05) (Forny Germano et al., 2024). In contrast,
tirzepatide was not significantly associated with increases in time spent
in the center area during the open field test in 5xFAD mice (p > 0.05),
escape latency during MWM test (p > 0.05), and number of target
quadrant crossings during the MWM test (p > 0.05) (Forny Germano
et al., 2024). Evidently, further research is required to examine the role
of tirzepatide on cognitive changes in AD.

3.4.2. Cognitive Effects of GLP-1 and GLP-1 RAs on Parkinson’s Disease in
Animals

To examine the roles of disparate GLP-1 RAs on PD, we examined
four studies (Zhang et al., 2019; Bu et al., 2021; Zhang et al., 2021,
2023). Of which, Zhang et al. (2019) investigates the cognitive effect of
both semaglutide and liraglutide on AD.

3.4.2.1. Cognitive Effects of Exenatide on Parkinson’s Disease in Animals.
Bu et al. (2021) identified that administration of Ex-4 rescued motor
deficits during the cylinder test in rats (p = 0.0092). In addition, an
animal study by Zhang et al. (2021) (n = 40) reported that adminis-
tration of exenatide significantly increased distances traveled by rats
during open field tests (p < 0.05). Taken together, these results suggest
that exenatide may provide benefits in ameliorating motor effects
associated with PD.

3.4.2.2. Cognitive Effects of Liraglutide on Parkinson’s Disease in Ani-
mals. In an animal study by Zhang et al. (2023) (n = 36), administration
of liraglutide was associated with significant improvements in rotarod
motor assessment (p < 0.05), pole test (p < 0.01), and open field test
(p < 0.05) in comparison to saline groups. Additionally, administration
of liraglutide in MPTP-induced PD models was significantly associated
with increased distance traveled in the open field test (n =12,
p < 0.001), extended time on the rotating rod in rotarod tests (n = 12,
p < 0.001), and enhanced grip strength (n =12, p < 0.001) (Zhang
etal., 2019). This suggests that liraglutide may be able to alleviate motor
impairments associated with PD.
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3.4.2.3. Cognitive Effects of Semaglutide on Parkinson’s Disease in Ani-
mals. There is currently insufficient information to evaluate the cogni-
tive effects of semaglutide. Notwithstanding, an animal study reported
that semaglutide administration was associated with significant in-
creases in distance traveled during the open field test (n =12,
p < 0.001), time spent on the rotating rod in rotarod tests (n =12,
p < 0.001), and grip strength (n = 12, p < 0.001) (Zhang et al., 2019).
Evidently, further research is required to investigate the association
between semaglutide and cognition in PD.

3.5. Cellular Effects of GLP-1 and GLP-1 RAs in Animal Models

3.5.1. Cellular Effects of GLP-1 and GLP-1 RAs on Alzheimer’s Disease in
Animal Models

We identified 18 studies examining the effects of GLP-1 and GLP-1
RAs on neuronal populations and subsets in AD (Table 3). Of which,
McClean and Holscher (2014a) examines changes in neuronal pop-
ulations associated with liraglutide and lixisenatide administration.
Additionally, Forny Germano et al. (2024) examines changes in
neuronal populations associated with semaglutide and tirzepatide
administration.

3.5.1.1. Cellular Effects of GLP-1 on Alzheimer’s Disease in Animal
Models. There is currently insufficient information on the cellular effects
of GLP-1 on AD. Nonetheless, an animal study by Gengler et al. (2012)
reported no significant changes in microglial load following adminis-
tration of Val®(GLP-1) for three weeks in comparison to saline control.
Given the lack of data available, further research is required to identify
the role of GLP-1 on the cellular effects of AD.

3.5.1.2. Cellular Effects of Exenatide on Alzheimer’s Disease in Animal
Models. To investigate the effect of exenatide on changes in neuronal
populations in AD, we identified twostudies (An et al., 2019; Zhang
et al., 2022a). An et al. (2019) (n = 48) reported that exenatide
administration was associated with significant increases in specific
surface area of mitochondria (p < 0.05). Furthermore, findings from
Zhang et al. (2022a) indicate that exenatide was non-significantly
associated with reductions in GFAP-marked astrocytes (p > 0.05).
These findings indicate that exenatide may mediate changes in various
neuronal populations, though the extent to which exenatide modulates
these changes remains to be elucidated.

3.5.1.3. Cellular Effects of Liraglutide on Alzheimer’s Disease in Animal
Models. We identified 10 studies examining the cellular effects of lir-
aglutide on AD (Long-Smith et al., 2013; McClean et al., 2011; McClean
and Holscher, 2014a; Paladugu et al., 2021; McClean et al., 2015;
Carranza-Naval et al., 2021; Holubova et al., 2019; Salles et al., 2020,
2018; Xie et al., 2021). Results from Holubova et al. (2019) identifies
that liraglutide administration in APPgwg/PS1ag9 mice was associated
with significant reductions in astrocytosis in the cortex (p = 0.0348) and
a non-significant reduction in microgliosis in the dentate gyrus (DG)
(p = 0.3484). Similarly, a separate study by Paladugu et al. (2021)
(n = 48) supports these findings, wherein administration of liraglutide
in 5x FAD mice reduced activation of astrocytes in the CA1 region of the
hippocampus (HPC) (p < 0.01), but not microglial cells (p > 0.05) in
comparison to vehicle controls. Contrastingly, findings by Long-Smith
et al. (2013) identified significant decreases in astrocytic (p < 0.01)
and microglial activation (p < 0.05) in comparison to saline injections.
These trends were reinforced by Salles et al. (2020), wherein liraglutide
administration was associated with significant decreases in microglia
(p < 0.0001) and astrocytes (p < 0.01), whilst significantly increasing
newborn neurons (p < 0.01) in comparison to saline injection. Simi-
larly, a separate study by Salles et al. (2018) reported that liraglutide
administration increased DCX-positive neuroblasts in the subventricular
zone (SVZ), but not astrocyte numbers (p > 0.05) in comparison to
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saline treatment.

Consistent with aforementioned trends, liraglutide was associated
with decreases in microglial populations in APPgyg/PSlagg mice
following daily administration of 2.5 nmol/kg liraglutide (48 %, n = 11,
p < 0.001) and 25 nmol/kg liraglutide (49 %, n = 11, p < 0.01) over 10
weeks (McClean and Holscher, 2014a). Similarly, a separate study by
McClean et al. (2011) reported that administration of liraglutide
significantly reduced activation of microglia in the cortex (50 %,
p < 0.001). These findings were supported by a later study, wherein
administration of liraglutide reduced activation of microglia in the
cortex (50 %, p < 0.0001) and the CAl region of the HPC (47 %,
p < 0.0001) in comparison to saline treatment (McClean et al., 2015).
Similarly, a study by Carranza-Naval et al. (2021) reported that lir-
aglutide was associated with significant reductions in microglial burden
(p < 0.01).

Interestingly, a study by Xie et al. (2021) identified that liraglutide
attenuated AD-associated neuronal loss in the cortex (p < 0.05), and
non-significantly in the HPC (p > 0.05). Taken together, these results
suggest that liraglutide reduces neuroinflammation through the atten-
uation of immune hyperactivity in the HPC, providing mechanistic
insight on how liraglutide may modulate neuroprotective effects.

3.5.1.4. Cellular Effects of Lixisenatide on Alzheimer’s Disease in Animal
Models. To examine the effects of lixisenatide on neuronal populations
in AD, we identified 3 studies (McClean and Holscher, 2014a; Cai et al.,
2017, 2018). Cai et al. (2017) reported a significant decrease in APgs 35
induced cytotoxicity in HPC neurons (n =10, p < 0.001) in rats
following lixisenatide administration. In addition, lixisenatide also
significantly reduced percentage of pTau-positive neurons (62.30 %
+4.90 % vs. 89.20 % + 6.20 %; p = 0.037) and microglia (7.41 %
4+ 0.90 % vs. 16.85 % + 1.90 %; p = 0.037) in comparison to saline
injections (Cai et al., 2018). These results were reinforced by McClean
and Holscher (2014a), wherein significant reductions in microglial
activation were observed following daily administration of 1 nmol lix-
isenatide (47 %, n = 11, p < 0.001) and 10 nmol/kg lixisenatide (43 %,
n =11, p < 0.001) over 10 weeks in comparison to saline administra-
tion. These findings indicate that lixisenatide may also have
anti-inflammatory properties, providing a mechanistic explanation into
potential neuroprotective effects in AD.

3.5.1.5. Cellular Effects of Semaglutide on Alzheimer’s Disease in Animal
Models. There is currently insufficient information regarding the role of
tirzepatide on neuronal populations in AD. Notwithstanding, an animal
study by Forny Germano et al. (2024) reported that semaglutide was not
associated with reductions in microglia and astrocyte numbers in 5xFAD
and APP/PS1 mice (p > 0.05).

3.5.1.6. Cellular Effects of Tirzepatide on Alzheimer’s Disease in Animal
Models. An animal study by Yang et al. (2024) reported that tirzepatide
administration in APP/PS1 mice significantly reduced astrocyte acti-
vation in comparison to saline controls (p < 0.01). In contrast, findings
from Forny Germano et al. (2024) reported that tirzepatide adminis-
tration was not associated with reductions in microglia and astrocyte
numbers in 5xFAD and APP/PS1 mice (p > 0.05). Evidently, further
research is required to further elucidate the role of semaglutide on
various neuronal populations in AD.

3.5.2. Cellular Effects of GLP-1 and GLP-1 RAs on Parkinson’s Disease in
Animal Models

To examine the cellular effects of GLP-1 and GLP-1 RAs in PD, we
identified 4 studies (Zhang et al., 2019; Bu et al., 2021; Zhang et al.,
2021, 2022b). Of which, Zhang et al. (2019) examines the effects of
liraglutide and semaglutide on neuronal populations.
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3.5.2.1. Cellular Effects of Exenatide on Parkinson’s Disease in Animal
Models. Findings by Bu et al. (2021) report that administration of exe-
natide attenuated loss of dopaminergic (DA) neurons in the substantia
nigra pars compacta (SNpc) in comparison to vehicle controls 6 weeks
post-injection (-39 % vs. —42 %) and significantly 10 weeks post-
injections (-37 % vs. —61 %, p = 0.0005). This trend was replicated in
the striatum at 6 weeks post-injection (-31.98 % vs. —37.65 %) and
significantly 10 weeks post-injections (-27.93% vs. —49.01 %,
p = 0.0151) (Bu et al., 2021). In a separate study by Zhang et al. (2021),
administration of Ex-4 significantly ameliorated PD-induced loss of DA
neurons in the striatum (p < 0.01), whilst significantly attenuating
astrocyte activation (p < 0.05). Taken together, these results suggest
that exenatide may have neuroprotective properties for DA neurons,
whilst potentially modulating neuroinflammatory responses in PD.

3.5.2.2. Cellular Effects of Liraglutide on Parkinson’s Disease in Animal
Models. Zhang et al. (2019) (n = 72) reports that administration of lir-
aglutide in MPTP-induced PD mice significantly attenuated DA neuronal
loss in the substantia nigra (SN) (p < 0.01), simultaneously reducing
striatal activation of astrocytes (n = 6, p < 0.001) and microglia (n = 6,
p < 0.001). Notwithstanding, further research is required to elucidate
the role of liraglutide on various neuronal populations in PD.

3.5.2.3. Cellular Effects of Semaglutide on Parkinson’s Disease in Animal
Models. In addition to the aforementioned findings, Zhang et al. (2019)
identifies that semaglutide administration also attenuates DA neuronal
loss in the SN (p < 0.001), simultaneously reducing striatal activation of
astrocytes (n = 6, p < 0.001) and microglia (n = 6, p < 0.001). Addi-
tionally, semaglutide administration was significantly more efficacious
in reducing astrocyte activation (p < 0.05) and microglial activation
(p < 0.05) than liraglutide (Zhang et al., 2019). A separate study by
Zhang et al. (2022b) reinforces these results, reporting that semaglutide
administration significantly protected against PD-associated DA
neuronal loss in the SN (n = 6, p < 0.005) (Zhang et al., 2022b). Simi-
larly to exenatide, these findings suggest that semaglutide may exert
neuroprotective effects for DA neurons, whilst simultaneously modu-
lating neuroinflammatory responses in PD. Notwithstanding, further
research is required to examine the anti-inflammatory effect of
semaglutide.

3.6. Molecular Effects of GLP-1 and GLP-1 RAs in animal models

3.6.1. Molecular Effects of GLP-1 and GLP-1 RAs on Alzheimer’s disease in
animal models

To investigate the effects of GLP-1 and GLP-1 RAs on signaling
molecules, pathways, and protein expression, we identified 41 studies
(Table 3). Of which, McClean and Holscher (2014a) examines the mo-
lecular effect of liraglutide and lixisenatide on AD.

3.6.1.1. Molecular Effects of GLP-1 on Alzheimer’s disease in animal
models. We identified 4 studies examining the molecular effects of GLP-
1 in AD (Ma et al., 2012; Li et al., 2012; Gengler et al., 2012; Gault and
Holscher, 2008). In an animal study by Li et al. (2012) reported that
administration of 50 pM (Val8)GLP-1 was associated with decreases in
phosphorylated tau / tau ratio (p < 0.05), whilst attenuating
STZ-induced increases in tau expression in comparison to controls.
Similarly, Gengler et al. (2012), administration of val®(GLP-1) in
APP/PS-21 mice did not result in changes in Ap-plaque load in com-
parison to controls. These trends are supported by Ma et al. (2012),
wherein GLP-1(9—36)"™9¢ was not associated with changes in
amyloid-beta (Ap) precursor protein (APP) and A levels in comparison
to vehicle controls. Notwithstanding, administration of GLP-1
(9—36)*™€ attenuated AD-induced increases in mitochondrial super-
oxide and activation of GSK3p, whilst simultaneously modulating a
non-significant decrease in Caspase-3 (p = 0.35) (Ma et al., 2012). No
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effect was observed on Akt levels (p > 0.05) (Ma et al., 2012). Addi-
tionally, administration of (Val®)GLP-1 did not revert amyloid-induced
impairments of LTP signals (Gault and Holscher, 2008). Taken
together, these results suggest that GLP-1 may be associated with
modulating proliferative pathways. Notwithstanding, further research is
required to understand the role of GLP-1 on signaling molecules and
pathways that subserve AD pathology.

3.6.1.2. Molecular Effects of Dulaglutide on Alzheimer’s Disease in Animal
Models. We identified a study by Zhou et al. (2019) reporting that
dulaglutide administration in STZ-induced AD models reduced levels of
phosphorylated Tau (p < 0.01) and neurofibrillary tangles (p < 0.05),
whilst upregulating the expression of pPI3K, pAkt, and pGSK3p
(p < 0.01). These findings suggest that dulaglutide may attenuate
development of AD through the modulation of proliferative pathways,
whilst regulating levels of tau. Due to the limited data, however, a
comprehensive analysis of dulaglutide’s molecular effects cannot be
conducted.

3.6.1.3. Molecular Effects of Exenatide on Alzheimer’s Disease in Animal
Models. To examine the molecular effects of exenatide on AD, we
identified 11 studies (Table 3). In an animal study by Jia et al. (2016),
Ex-4 administration significantly reverted Ap;_4o-induced decreases in
Bcl-2 expression (p < 0.01), Ap-induced increases in Bax expression
(p < 0.01) and upregulation of Caspase-3 (p < 0.01). In a separate study
by An et al. (2019), exenatide administration significantly decreased
levels of malondialdehyde (MDA) (p < 0.05), simultaneously increasing
superoxide dismutase (SOD) activity within the HPC (p < 0.05). Addi-
tionally, exenatide significantly increased levels of postsynaptic marker
PSD95 (p < 0.001) and presynaptic marker Syn (p < 0.01), whilst
significantly decreasing area of amyloid plaques in the HPC CA1 region
(p < 0.05) (An et al.,, 2019). In a separate study by Song et al. (2022),
administration of Ex-4 significantly decreased ROS levels in CL4176
C. elegans (13.57 %, p < 0.01), CL2006 C. elegans (17.22 %, p < 0.05).
Furthermore, Ex-4 significantly reduced A levels (39.78 %, p < 0.001)
(Song et al., 2022).

In comport with previous studies, a study on 3xAD mice (n = 30)
reported that Ex-4 significantly reverted STZ-induced increase in Ap
levels (p < 0.05), and non-significant decreases in Af levels (25 %,
p > 0.05) in absence of STZ (Li et al., 2010b). These findings are rein-
forced by Garabadu and Verma (2019) (n = 36), wherein Ex-4 admin-
istration significantly reduced Af-induced increases in Ap in the rat HPC
and prefrontal cortex (PFC) (p < 0.05), simultaneously ameliorating
AB-induced decreases in Akt phosphorylation (p < 0.05). These trends
were replicated by Wang et al. (2018) and Zhang et al. (2022a), wherein
administration of Ex-4 in APP/PS1 mice reduced levels of A and
hyperphosphorylated tau levels in the HPC and cortex. Contrastingly,
however, Robinson et al. (2019) reports that exenatide administration
did not have a significant impact on Ap;_42 levels (n =9, p < 0.05).
Similarly, a separate study identified no significant effect on Ap and tau
levels following exenatide administration in comparison to vehicle
controls (Bomba et al., 2019). Notwithstanding, exenatide administra-
tion was also associated with enhanced BDNF signaling (p < 0.001) and
reduced proBDNF signaling (p < 0.05) (Bomba et al., 2019). In addition
to the aforementioned effects, Ex-4 administration has been associated
with reducing STZ-induced hyperphosphorylation of tau at Ser396
(p < 0.05) and Thr181 (p < 0.01) in comparison to controls (Chen et al.,
2012). In contrast, a separate study by Bomba et al. (2013) reported that
exenatide did not significantly decrease h-tau immunoreactivity
(p = 0.337) or intraneuronal A levels in the HPC (p = 0.552).

In addition to examining AP and tau, Wang et al. (2018) reports
significant increases in f-catenin (p < 0.01), pAkt (p < 0.01) and
pGSK3p (p < 0.01) levels in APP/PS1 mice following exenatide
administration. Similarly, Zhang et al. (2022a) reports changes in levels
of various components of the immune system in addition to changes on
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AP levels. Specifically, exenatide administration in 5XxFAD mice was
associated with significant reductions in TNF-a (p < 0.05), IL-B
(p < 0.05), NLRP2 (p < 0.05) expression, and a non-significant reduc-
tion of ROS (30 %, p > 0.05) (Zhang et al., 2022a). Taken together,
these findings suggest that exenatide modulates changes in AD through
multifaceted processes. Namingly, exenatide may alleviate oxidative
stress, amyloidopathies, and neuroinflammation.

3.6.1.4. Molecular Effects of Liraglutide on Alzheimer’s Disease in Animal
Models. To examine the molecular effects of liraglutide on AD, we
identified 21 studies (Table 3). Results from Chen et al. (2017) identified
attenuation of tau hyperphosphorylation (p < 0.05) and neurofilaments
(p < 0.05) following liraglutide administration in 3xTg-AD mice,
simultaneously rescuing ERK and JNK signaling (p < 0.05). In a separate
study, liraglutide significantly reversed Ap;_4z-induced tau hyper-
phosphorylation (p < 0.05), whilst reverting Ap;_42-induced decreases
in pAkt (p < 0.05) and pGSK3p (p < 0.05) (Qi et al., 2016). These results
were supported by Paladugu et al. (2021), wherein administration of
liraglutide in 5xFAD mice was associated with significant decreases in
HPC A levels (p < 0.001), phosphorylated Akt in the cortex (p < 0.01),
and significant increases in pGSK3p in the HPC (p < 0.01) in comparison
to vehicle controls.

In addition to the aforementioned changes, liraglutide has been
shown to protect against oxidative stress, whilst reducing neuro-
inflammation. Specifically, administration of liraglutide in 3xTg-AD
mice has been associated with normalization of proinflammatory
markers IL-10 (Z = -0.319, p = 0.805) and IL-1f (Z = -2.00, p = 0.051)
in comparison to wild-type mice, whilst non-significantly reducing
oxidative stress marker 8-OHdG (p > 0.05) (Duarte et al., 2020). These
trends were somewhat supported by Maskery et al. (2020), wherein
administration of liraglutide non-significantly decreased levels of
proinflammatory cytokine IL-1f (p > 0.05) and TNF-a (p > 0.05), witha
non-significant decrease in Ap plaque load in the neocortex (p > 0.05).
Additionally, liraglutide was associated with attenuating AD-associated
decreases in catalase (CAT) and SOD activity (p < 0.01) (Bakhshwin
et al., 2024). Moreover, liraglutide increased the activation of the cAMP
/ PKA pathway (p < 0.05), production of ATP (p < 0.05), whilst atten-
uating overproduction of ROS (p < 0.05) (Bakhshwin et al., 2024).
These findings indicate that liraglutide may reduce neuroinflammatory
effects, reducing oxidative stress.

Findings by McClean and Holscher (2014b) reported that liraglutide
administration in APPgyg/PS1g9 mice significantly decreased Af load
(p = 0.0007), soluble amyloid oligomer levels (p = 0.0355), and total
APP levels (0.0423). A separate study by McClean and Holscher (2014a)
further supported these results, wherein reductions in cortical Ap pla-
ques were significantly reduced following administration of 2.5 nmol/kg
liraglutide (46 %, n = 11, p < 0.01) and 25 nmol/kg liraglutide (45 %,
n =11, p < 0.01). Consistent with the aforementioned results, results
from McClean et al. (2011) report that liraglutide administration
reduced formation of cortical Ap plaques (50 %, p < 0.001), simulta-
neously reducing brain APP levels (p = 0.0272) in comparison to saline
administration. Similarly, liraglutide was associated with significant
decreases in cortical Ap load in the cortex (40 %, p < 0.001) and CAl
region of the HPC (45 %, p < 0.001) in comparison to saline treatment
(McClean et al., 2015). These trends were further reinforced by
Long-Smith et al. (2013), wherein liraglutide significantly decreased Af
levels in APPswg/PS1agg (31.5 %, p < 0.0001). Results from Holubova
et al. (2019) further supported these trends, wherein liraglutide
administration was associated with significant decreases in the number
and size of Af plaques in the CA1 region of the HPC [F(2,25) = 4.410,
p = 0.0229 (one-way ANOVA); p = 0.0303]. In addition to the afore-
mentioned trends, Salles et al. (2020) report significant decreases in the
DG (p < 0.001) in addition to the CA1 region of the HPC (p < 0.001)
and the cortex (p < 0.0001). Furthermore, Salles et al. (2018) also
report decreases in the cortex (p < 0.0001), in addition to the CAl
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region of the HPC (p < 0.01) and DG (p < 0.0001) in comparison to
saline. These trends were further supported by studies in APP/PS1 mice,
wherein liraglutide administration was associated with reducing amy-
loid plaque burden (Carranza-Naval et al., 2021; Hao et al., 2024).
Contrastingly, an animal study by Hansen et al. (2016a) reported no
significant differences in Af plaque volume between AD mice models
administered with liraglutide and saline (p > 0.05).

In addition to changes in Ap, liraglutide attenuated abnormal tau-
hyperphosphorylation in cynomolgus macaques, and only modest
changes in Ap-induced synaptic loss in the frontal cortex (p = 0.1480)
(Batista et al., 2018). Notwithstanding, liraglutide administration was
associated with significant reductions in phospho-tau volumes in the
ventral pons (0.053 + 0.014 mm?; 69.4 + 7.9 % reduction, p < 0.001),
dorsal pons (0.043 + 0.010 mmg; 59.5 + 12.9 % reduction, p < 0.05)
medulla (0.046 + 0.012 mm>; 61.0 & 8.6 % reduction, p < 0.01), and
non-significantly in the diencephalon (0.034 + 0.015 mm® 50.7
+ 22.5 % reduction, p > 0.05) (Hansen et al., 2016b). In a separate
study by Xiong et al. (2013) (n = 24), liraglutide also decreased tau
phosphorylation in the cerebrum (p < 0.05). These results suggest that
liraglutide may ameliorate cognitive effects of AD through the
dose-independent attenuation of Af plaque formation and tau phos-
phorylation, in addition to modulating neuroinflammation and
proliferation.

3.6.1.5. Molecular Effects of Lixisenatide on Alzheimer’s Disease in Animal
Models. To examine the molecular effects of lixisenatide on AD, we
identified four studies (McClean and Holscher, 2014a; Cai et al., 2014,
2017, 2018). Findings by Cai et al. (2014) reported that lixisenatide
administration reverted Ap-induced decreases in pGSK3(S9) (n = 6,
p < 0.05) and pGSK3p(Y216) (n = 6, p < 0.05). In a separate study by
Cai et al. (2017), administration of lixisenatide significantly reversed
APos_3s induced decreases in pAkt and MEK1/2 levels (n =10,
p < 0.05). Moreover, lixisenatide has also been associated with
ameliorating AD-induced PKA signaling (p = 0.039) and CREB signaling
(p = 0.042) in the hippocampi of 3xTg-AD mice, whilst simultaneously
inhibition activation of the p38-MAPK pathway (p = 0.038) (Cai et al.,
2018).

In addition to the aforementioned findings, Cai et al. (2018) also
reported that lixisenatide significantly reduced percentage of Ap-area in
the HPC in comparison to saline injections (5.87 % =+ 0.70 % vs. 9.48 %
+ 1.20 %; p = 0.04). Similarly, lixisenatide reduced the percentage of p-
tau area in the HPC (14.99 % + 1.40 %% vs. 32.58 % =+ 3.90 %;
p = 0.043) (Cai et al., 2018). These results were supported by McClean
and Holscher (2014a), wherein reductions in Ap plaques in the cortex
was observed following daily administration of 1 nmol/kg lixisenatide
(49 %, p < 0.05, n = 11) and 10 nmol/kg lixisenatide (43 %, p < 0.05,
n =11) over 10 weeks. Taken together, these results suggest that lix-
isenatide may reduce levels of protein associated with AD manifestation,
whilst acting on various cellular survival and proliferative pathways.

3.6.1.6. Molecular Effects of Semaglutide on Alzheimer’s Disease in Animal
Models. There is currently insufficient information regarding the mo-
lecular effects of semaglutide on AD. In concordance with other results,
injection of semaglutide was associated with significant decreases in
HPC tau levels of 3xTg mice (p < 0.01) (Wang et al., 2023). Addition-
ally, semaglutide ameliorated AD-induces in sirtuin 1 (SIRT1)
(p < 0.01) and glucose transporter type 4 (GLUT4) (p < 0.01).66
Furthermore, semaglutide was associated with reductions in Ap plaque
in the HPC of female APP/PS1 mice (p < 0.05) (Forny Germano et al.,
2024). Notwithstanding, this was not consistently replicated in the ce-
rebral cortex, HPC, and subiculum of both 5xFAD and male APP/PS1
mice (p > 0.05) (Forny Germano et al., 2024). Despite the need for
further research, preliminary evidence suggests that semaglutide may
ameliorate cognitive symptoms of AD through the modulation of Tau,
and may have further effects in protein transcription and gene
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activations.

3.6.1.7. Molecular Effects of Tirzepatide on Alzheimer’s Disease in Animal
Models. Regarding the molecular effects of tirzepatide on AD, there is
currently insufficient information. Notwithstanding, an animal study by
Forny Germano et al. (2024) reported that tirzepatide was not associated
with reductions in Ap plaque in the cerebral cortex, HPC, and subiculum
of both 5xFAD and APP/PS1 mice (p > 0.05). In contrast, Yang et al.
(2024) identified that tirzepatide was significantly associated with de-
creases in Ap-plaques in the cortex (p < 0.001), but not in the HPC
(p > 0.05) of APP/PS1 mice in comparison to saline controls. Further-
more, tirzepatide administration reverted Af-induced production of
ROS (p < 0.001) (Yang et al., 2024). These findings suggest that tirze-
patide may have the potential to ameliorate AD-like symptoms through
the modulation of abnormal A plaques in the cortex and reducing
oxidative stress. Notwithstanding, further research is required to explore
the cognitive effects of tirzepatide in AD.

3.6.2. Molecular Effects of GLP-1 and GLP-1 RAs on Parkinson’s Disease
in Animal Models

To examine changes in molecular pathways, signaling molecules,
and protein products associated with GLP-1 and GLP-1 RA administra-
tion in PD, we identified 6 studies (Table 3). Of which, Zhang et al.
(2019) examines the effects of liraglutide and semaglutide.

3.6.2.1. Molecular Effects of GLP-1 on Parkinson’s Disease in Animal
Models. There is currently insufficient information regarding the mo-
lecular effects of GLP-1 on PD. Nonetheless, findings from a mouse
model of PD reported no significant changes in pSer129 a-syn reactivity
5 weeks post-GLP-1 analogue administration, but a 74.5 % increase 13
weeks following administration (p = 0.005) in comparison to controls
(Bergkvist et al., 2021). Evidently, further research is required to
elucidate the role of GLP-1 on PD.

3.6.2.2. Molecular Effects of Dulaglutide in Parkinson’s Disease in Animal
Models. Khalaf et al. (2023) examines the effect of dulaglutide on
multiple molecular markers in rotenone-induced PD models of rats.
Their findings indicate that low doses of dulaglutide (0.05 mg/kg)
administered weekly in Wistar rats attenuated rotenone-induced
oxidative stress, characterized by increases in glutathione (GSH)
(70.14 %, p < 0.05), superoxide dismutase (SOD) activity (32.46 %,
p < 0.05), simultaneously decreasing malondialdehyde (MDA) (30 %,
p <0.05) and nitric oxide (NO) (26.14 %, p < 0.05) (Khalaf et al.,
2023). These trends were replicated following weekly administration of
dulaglutide at high doses (0.1 mg/kg), characterized by increases in
GSH content (143 %, p < 0.05), SOD activity (96.25 %, p < 0.05),
whilst decreasing MDA levels (82.65 %, p < 0.05) and NO (45.44 %,
p < 0.05) (Khalaf et al., 2023). Additionally, dulaglutide also attenuated
rotenone-induced hyperactivity of monoaminoxidase-B (MAO-B) at low
doses (38.71 %, p < 0.05) and high doses (57.60 %, p < 0.05) of dula-
glutide (Khalaf et al., 2023).

In addition to the aforementioned results, Khalaf et al. (2023) also
examines the anti-inflammatory properties of dulaglutide. Findings
indicate that low doses of dulaglutide significantly reduced hyperac-
tivity of pro-inflammatory cytokines IL-1p (62 %, p < 0.05), TNF-«
(31.79 %, p < 0.05), and IL-6 (62 %, p < 0.05) (Khalaf et al., 2023).
These trends were replicated at high doses of dulaglutide administra-
tion, wherein reduced hyperactivity of pro-inflammatory cytokines
IL-1p (88.28 %, p <0.05), TNF-a (83.41 %, p < 0.05), and IL-6
(79.07 %, p <0.05) was observed in comparison to the rotenone
group (Khalaf et al., 2023).

Results further indicate that low doses of dulaglutide significantly
increased DA levels (93.53 %, p < 0.05), 3,4-dihydroxyphenylacetic
acid (DOPAC) (159.78 % p < 0.05), and homovanillic acid (HVA)
(44.70 %, p < 0.05) in comparison to rotenone treatment (Khalaf et al.,
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2023). Consistent with aforementioned trends, these effects were
observed following high doses of dulaglutide, significantly increasing
DA levels (222.35 %, p < 0.05), DOPAC (224.91 %, p < 0.05), and HVA
(137.88 %, p < 0.05) (Khalaf et al., 2023). Taken together, these find-
ings suggest that dulaglutide may exert protective properties against
oxidative stress, simultaneously attenuating neuroinflammation and
regulate neurotransmitter levels.

3.6.2.3. Molecular Effects of Exenatide in Parkinson’s Disease in Animal
Models. There is currently insufficient information regarding the role of
exenatide in modulating molecular pathways in PD. Notwithstanding,
results from Zhang et al. (2021) indicate that Ex-4 administration
significantly reduced PD-associated o-syn expression in the SN
(p < 0.05), and IL-1p (p < 0.05) and TNF-a (p < 0.05) in the striatum.
These findings support the overarching trend wherein GLP-1 RAs may
attenuate inflammation in the brain. However, research is required to
further elucidate the molecular effects of exenatide in PD.

3.6.2.4. Molecular Effects of Liraglutide in Parkinson’s Disease in Animal
Models. To examine the effects of liraglutide on molecular changes in
PD, we identified two studies (Zhang et al., 2019, 2023). In an animal
study by Zhang et al. (2019) administration of liraglutide significantly
decreased striatal liquid peroxidation (n =6, p < 0.001) and a-syn
levels in the SN (n =4, p < 0.01). Findings from Zhang et al. (2023)
supported these results, wherein liraglutide administration in A53T
transgenic mice significantly reduced levels of o-syn in the SN
(p < 0.05). Simultaneously, liraglutide significantly reduced levels of
TNF-a (p < 0.001), IL-1p (p < 0.01) in the SN (Zhang et al., 2023).
Furthermore, liraglutide significantly reduced levels of TNF-a
(p < 0.05) and increased levels of IL-10 (p < 0.001) in the striatum, but
notin IL-1f (p > 0.05) (Zhang et al., 2023). In comport with other GLP-1
RAs, evidence suggests that liraglutide may protect against synuclei-
nopathies, whilst likely exerting an anti-inflammatory effect.

3.6.2.5. Molecular Effects of Semaglutide in Parkinson’s Disease in Animal
Models. Consistent with other GLP-1 RAs, Zhang et al. (2019) reported
that semaglutide administration was associated with significant de-
creases in striatal liquid peroxidation (n =6, p < 0.001) and a-syn
levels in the SN (n =4, p < 0.001), wherein semaglutide was signifi-
cantly more effective than liraglutide (p > 0.05). In a separate study by
Zhang et al. (2022b) (n = 40), semaglutide significantly reverted PD-
associated increases in TNF-a (n=5, p <0.005), IL-1p (n=>5,
p < 0.0002), a-syn monomer levels in comparison to saline controls
(n =5, p < 0.01). Surprisingly, semaglutide was not significantly asso-
ciated with changes in striatal DA levels (p > 0.05) (Zhang et al.,
2022b). Notwithstanding, these results suggest that semaglutide may
also exert neuroprotective and anti-inflammatory effects.

4. Discussion

To our knowledge, this systematic review is the first to comprehen-
sively examine the cognitive, cellular, and molecular changes in
neurodegenerative disease associated with GLP-1 and GLP-1 RAs
administration. Extant literature reports that GLP-1 and GLP-1 RAs are
associated with an overall neuroprotective effect, wherein changes
within inflammatory cell populations and neuronal proliferation path-
ways may subserve these effects.

Overall, our results suggest that GLP-1 and GLP-1 RA administration
is associated with an overarching improvement in motor symptoms and
amelioration of cognitive impairments associated with neurodegenera-
tive diseases. Notably, administration of dulaglutide, exenatide, and
liraglutide were able to reduce the risk of AD in humans, wherein exe-
natide and lixisenatide were associated with attenuation of cognitive
decline in patients with PD. Additionally, administration of GLP-1,
dulaglutide, exenatide, liraglutide, lixisenatide, and semaglutide
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improved memory and learning in animal models of AD, whilst lir-
aglutide administration also improved motor function. Similarly,
administration of exenatide, liraglutide, and semaglutide improved
motor function in PD models in animals. Notwithstanding, clinical data
examining the ability of GLP-1 and GLP-1 RAs on improving motor and
cognitive symptoms remain limited, wherein some mixed results have
been reported with regards to GLP-1 modulation of motor and cognition.
Notably, a novel phase III clinical trial by Vijiaratnam et al. (2025) re-
ported that GLP-1 RA administration (exenatide) had no impact on
cognitive and motor symptoms in participants with PD. As such, further
research is required to ascertain the effects of GLP-1 receptor agonism on
motor and cognition in persons with neurodegenerative conditions
(Vijiaratnam et al., 2025).

In addition to modulating cognitive symptoms, our results indicate
that GLP-1 and GLP-1 RA administration is associated with modulating
astrocyte, microglia, dopaminergic, and tau-positive neurons. Specif-
ically, exenatide administration reduced astrocytic activation and
attenuated loss of dopaminergic neurons in the striatum in both AD and
PD animal models. Similarly, liraglutide and semaglutide administration
reduced astrocytic and microglial activity, whilst attenuating loss of DA
neurons in animal models.

Simultaneously, GLP-1 and GLP-1 RAs administration is also asso-
ciated with downregulation of various molecular markers, with notably
decreases in inflammatory cytokines, oxidative stress, and changes in
proliferative pathways. Notably, the decreases in ROS, NO, and other
oxidative molecules in conjunction with reduced levels of inflammatory
cytokines IL-1B, TNF-a, IL-6 from the attenuation of astrocytic and
microglial activity may partially subserve the mechanism wherein GLP-
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2013). In addition, GLP-1 and GLP-1 RA-induced rescue of GSK3p, ERK,
and Bcl-2 may promote neuronal proliferation and neurogenesis, which
may subserve the mechanism wherein GLP-1 and GLP-1 RAs attenuate
cognitive deficit in AD and PD (Hur and Zhou, 2010; Lei et al., 2012;
Jiang et al., 2015).

GLP-1 and GLP-1 RAs may serve an effective option for weight
management in persons with neurodegenerative conditions (Chen et al.,
2023). By understanding the association between GLP-1 and GLP-1 RAs
on changes in various molecular pathways, we are able to examine the
mechanisms and interactions wherein these agents ameliorate cognitive
deficits associated with neurodegenerative diseases (Holst et al., 2011).
For instance, reduced levels of oxidative stress, as well as aSyn and Af
act synergistically to attenuate neuronal death in neurodegenerative
conditions (Fig. 2) (Hajieva et al., 2014; Pluta et al., 2020). Furthermore,
activation of anti-inflammatory pathways and cytokines (i.e. IL-10)
following GLP-1 administration reduces neuronal injury and further
attenuates neuronal cell death (Hogan et al., 2014; Fricker et al., 2018).
These effects act synergistically with neurogenesis properties associated
with GLP-1 receptor agonism, subsequently increasing neuronal prolif-
eration and modulating loss of dopaminergic neurons (Li et al., 2010a;
Au et al., 2025). Notably, this increase in neurogenesis may also be
attributed to other observed molecular effects of GLP-1 receptor ago-
nism, such as increased activation of signal molecules involved in pro-
liferative pathways (e.g. pPI3K, pAkt, and pGSK3p) (Li et al., 2010a).
Given that motor and cognitive deficits associated with neurodegener-
ative conditions can be attributed to dopaminergic neuronal loss and
neurotransmitter imbalance, the molecular effects (i.e. reducing oxida-
tive stress) of GLP-1 receptor agonism may subserve improvements in
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neurodegenerative conditions (Yang et al., 2023). Notably, changes in
inflammation can be examined in humans via examination of CSF
cytokine levels, wherein changes in microglial populations can be also
be investigated using neuroimaging modalities such as positron emis-
sion tomography (Llano et al., 2012; Edison et al., 2008). These tech-
niques open the possibility of using various biomarkers to examine the
neuroprotective effect of GLP-1 receptor agonism on a cellular and
molecular level.

Several methodological limitations may impact interpretations and
inferences of our systematic review. Firstly, assessed animal models vary
in species, which may confound the interpretation of our results. Spe-
cifically, the physiology between various animal models of AD and
humans vary greatly, which may limit the ability for some results to be
translated to humans. Additionally, treatment dosages varied greatly
across disparate studies, which may further affect the interpretation of
our findings. Notwithstanding, future research vistas should be directed
to further elucidate the interactions between cognitive, cellular, and
molecular effects induced by GLP-1 and GLP-1 RA administration in
neurodegenerative diseases.

5. Conclusion

A replicated finding is that GLP-1 and GLP-1 RAs are associated with
neuroprotective effects, which may be a direct and/or indirect effect via
attenuation of neuroinflammation and rescue of proliferative pathways.
These findings provide a summary of the association between GLP-1 and
GLP-1 RAs on cognitive changes, cellular changes, and molecular
changes in neurodegenerative diseases, providing a proof of mechanism
basis for developing GLP-1 RAs as a treatment strategy for neurode-
generative diseases.
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