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Background: Parkinson’s Disease (PD) is a progressive neurodegenerative condition associated with significant
morbidity. Currently, there are limited pharmacological options and none of the therapies available are disease-
modifying. This systematic review and meta-analysis considers a novel drug class through the research question —
in pre-clinical rodent models of PD, is GLP-1 receptor agonist therapy neuroprotective when compared to vehicle
controls?

Methods: A literature search was conducted to locate relevant pre-clinical studies. Two separate outcomes were
considered. The primary outcome was indicators of dopaminergic neurotransmission. The secondary outcome
was indicators of motor symptoms. Untreated PD models were compared to PD-models treated with GLP-1 re-
ceptor agonists. The final meta-analysis was conducted using the Cochrane RevMan software and represented
continuous data using the inverse variance statistical method and random effects analysis model. The final study
statistic was represented as an SMD value with a p-value < 0.05 considered statistically significant. Study het-
erogeneity and publication bias was assessed using I? values and funnel plots respectively.

Results: Eleven studies fit the inclusion criteria and were included in the final analysis. For the primary outcome
(n = 128), there was a statistically significant relative improvement of dopaminergic neurotransmission (SMD
1.71, 95% CI = 0.74-2.68, p = 0.0005, I2 = 76%). For the secondary outcome (n = 280), there was a statistically
significant improvement in motor outcomes (SMD 2.11, 95% CI = 1.14-3.09, p < 0.0001, 2= 89%).
Conclusions: GLP-1 receptor agonist therapy is neuroprotective in pre-clinical models of PD. This study provides
the clinical foundation and research support for the design of rigorous clinical trials to further investigate these
results in human PD populations.

1. Introduction

Parkinson’s Disease (PD) is a progressive neurodegenerative condi-
tion characterised by the cardinal motor symptoms of bradykinesia, ri-
gidity, tremor and postural stability [1]. PD is pathologically
characterised by the loss of dopaminergic neurons in the substantia
nigra pars compacta (SNpc) of the midbrain resulting in depletion of
striatal dopamine and a disruption of the direct and indirect nigrostriatal
motor pathways [2]. Vitally, the condition is associated with significant
morbidity, motor disability and loss of independence.

Currently, there are no proven effective disease-modifying treat-
ments and even the most potent options are purely symptomatic. None
of the available therapeutic strategies impact the extent of dopaminergic
cell loss or the underlying pathological processes of PD. Consequently,

they are not disease-modifying, do not alter the prognostic course of the
disease and are less effective against the non-motor features of PD [3]. In
response to the therapeutic challenges of PD, alternative novel treat-
ments are highly sought after and investigated. Accordingly, this sys-
tematic review and meta-analysis will consider the pre-clinical data
available for the neuroprotective efficacy of the glucagon-like peptide-1
(GLP-1) receptor agonist drug class.

Within the Australian context, GLP-1 receptor agonists are currently
approved by the Therapeutic Goods Administration (TGA) for the use of
type 2 diabetes mellitus (T2DM). GLP-1 receptor agonists are well
tolerated, and the side effects are predominantly gastrointestinal and
injection-site reactions [4]. However, the mechanism of action of GLP-1
is unknown and the neuroprotective effects of GLP-1 is still being
established. The hypothesis for the efficacy of GLP-1 receptor agonists as
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neuroprotective agents is founded on the evidence of the shared path-
ophysiology in PD and T2DM and the expression of GLP-1 receptors in
brain tissue [5,6,7]. In line with the hypothesis regarding the potential
neuroprotective effects of GLP-1 receptor agonists, many pre-clinical
animal studies have been conducted over the last decade. Systematic
reviews have inconclusively summarised the main findings of these
studies and, to this date, no meta-analyses have been conducted to
quantify the overall effect size from these various independent studies. It
is important to note that whilst meta-analyses are uncommonly per-
formed on pre-clinical data, they are invaluable in providing succinct
information that can guide decision making in the study design of
human trials.

Accordingly, this systematic review and meta-analysis will address
the research question - in pre-clinical rodent models of Parkinson’s
Disease, is GLP-1 receptor agonist therapy neuroprotective when
compared to vehicle controls? Two outcomes will be considered. The
primary outcome will focus on pathological evidence of preservation or
improvement of dopaminergic neurotransmission. The second outcome
will evaluate study motor outcomes. The results of each outcome will be
pooled separately to determine overall effect sizes for the pre-clinical
research that is currently available. Implications for future practice
will be discussed in accordance.

2. Methodology
2.1. Literature search strategy

This meta-analysis considers the research question — in pre-clinical
rodent models of Parkinson’s Disease, is GLP-1 receptor agonist ther-
apy neuroprotective when compared to vehicle controls? Relevant
studies were identified through database searches in Ovid Medline,
PubMed, Clinicaltrials.gov, World Health Organisation International
Clinical Trials Registry, Cochrane Library and Embase. Relevant search
terms included: Parkinson’s Disease, GLP-1 agonist, exenatide, liraglu-
tide, albiglutide, dulaglutide, lixisenatide and semaglutide. An example
of the search strategy is presented in Fig. 1. The search was limited to
articles available in English but was not limited by date of publication.
Further manual searching involved screening individual articles for
relevant references and the 500 most relevant items in Google Scholar.
Study abstracts were reviewed for the relevance to the use of GLP-1
receptor agonists in PD. Duplicates were removed. Full text articles
were then thoroughly assessed for eligibility based on the following
selection criteria.
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2.2. Selection criteria

Only pre-clinical original research articles were considered. The final
inclusion criteria were: 1) GLP-1 administration must be a primary
intervention, 2) the GLP-1 receptor agonist specified must be Thera-
peutic Goods Administration (TGA) approved for T2DM, 3) the PD
model must be a toxin-only model that involved administration of either
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), rotenone or 6-
hydroxydopamine (6-OHDA), 4) PD toxin administration must occur
prior to or simultaneous to drug therapy, 5) the PD model must be a full-
lesion model, and 6) the rodent population must be normal-weight and
non-diabetic.

2.3. Data extraction and critical appraisal

Two separate outcomes were considered. The primary outcome was
indicators of dopaminergic neurotransmission. This included measures
of striatal dopamine, tyrosine hydroxylase (TH) positive neurons in the
substantia nigra pars compacta (SNpc) and the TH+ optical density in
the SNpc. The secondary outcome was indicators of motor behavioural
assessments. This included open-field tests, rotarod tests, catalepsy tests
and apomorphine-induced rotations. For both outcomes, data was
extracted from the article text, tables and figures. The data was recorded
as the mean + standard error of the mean (SEM) prior to statistical
analysis. For papers where the data was not numerically presented and
the authors did not return correspondence, the mean and SEM were
extracted from figures using the Web Plot Digitizer software [8].

Studies were critically appraised for bias using the SYRCLE’s Risk of
Bias (RoB) tool (Fig. 6), developed for animal studies as an adapted
version of the Cochrane RoB tool [9]. The tool is qualitative and includes
evaluation of selection bias, performance bias, detection bias, attrition
bias and reporting bias. For the purposes of this meta-analysis, bias in
each domain was qualitatively assessed as ‘high,” ‘low,” or ‘unclear.’
Studies with more than two ‘high’ bias characteristics were excluded.

2.4. Statistical analysis

The meta-analysis was conducted using the Cochrane Review Man-
ager (RevMan) Computer Program, Version 5.4 [10]. Continuous data
was represented using the inverse variance statistical method and
random effects analysis model to account for differences in study design.
The effect measure chosen was standard mean difference (SMD) with
95% confidence intervals (CI). Mean and SD values were entered in

# A Searches Results Type
1 Parkinson's Disease.mp. or exp *Parkinson Disease/ 84449 Advanced
2  GLP-1 agonist.mp. or exp "Glucagon-Like Peptide 1/ 4524 Advanced

3  exp "Exenatide/ or exenatide.mp.
4 liraglutide.mp. or exp *Liraglutide/
5  albiglutide.mp.

dulaglutide.mp.

7 lixisenatide.mp.

B  semaglutide.mp.

9 2or3ordor5or6or7or8

. 10 1and9

2876 Advanced

2238 Advanced

140 Advanced

259 Advanced

326 Advanced

270 Advanced

7551 Advanced

70 Advanced

Fig. 1. Search strategy in Ovid Medline.
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Table 2
Distribution of study characteristics for the primary outcome.

RevMan for forest plot generation. For studies that compared multiple
GLP-1 intervention groups to the PD control group for the same
outcome, an overall intervention group mean and SD was calculated

Number of
using the RevMan calculator function. For studies with the same inter- studies
vention groups measuring multiple outcomes, the single most appro- PD model 6-OHDA 3
priate outcome from each study was chosen. This outcome was chosen MPTP 5

ith the investigator blinded to the results t t selection bias, and jotenone 2
with t e investigator blinded to the results to prevent selection bias, an GLP-1 receptor agonist Liraglutide a
the rational for the outcomes is explained in Tables 1 and 2. This was intervention Exenatide/exendin-4 3
done to prevent over-estimation of the weight of each individual study Semaglutide 2
through non-independent study outcomes. Sub-group analysis was not Lixisenatide 1

P s . N Outcome TH + neurons in the 6
statistically significant and was not included for either outcome. The SNpc
final data was represented in separate forest plots for the outcomes. To Striatal dopamine 9
test for study heterogeneity, the I? value was referred to with an I? value content

> 50% considered high heterogeneity. Publication bias was identified as TH + density in the SNpc 2

a potential source of error through funnel plots, generated by RevMan.
The final study statistic was represented as an SMD value with a p-value
< 0.05 considered statistically significant.

Table 1

Study characteristics for the primary outcome — indicators of dopaminergic neurotransmission.

Study Rodent  PD model GLP-1 receptor agonist intervention Outcome (unit of Included/not included in meta-
measurement) analysis with rationale
Zhang et al. Mouse MPTP (20 mg/kg/day i.p. for Simultaneous to PD-model induction:Semaglutide TH + neurons in the Yes — primary outcome within
2019 30 days) (25 nmol/kg every two days i.p. for 30 days); SNpc (cell count) the study
Liraglutide (25 nmol/kg/day i.p. for 30 days)
Badawi Rat Rotenone (3 mg/kg/day, s.c. for ~ Following PD-model induction:Liraglutide (50 pg/ Striatal dopamine Yes — primary outcome within
et al. 10 days) kg/day s.c. for 16 days) content (ng/mg of the study
2019 protein)
Zhang et al. Mouse MPTP (20 mg/kg/day i.p. for 7 Following PD-model induction:Semaglutide (25 TH + neurons in the Yes — PD symptoms primarily
2018 days) nmol/kg every two days i.p. for 30 days);Liraglutide =~ SNpc (% of non-PD caused by degeneration of
(25 nmol/kg/day i.p. for 30 days) vehicle control) dopaminergic neurons in the
SNpc
TH + striatal optical No - non-independent
density (% of non-PD secondary study outcome
vehicle control)
Aksoy et al. Rat Rotenone (stereotaxical infusion ~ Following PD-model induction:Exenatide (30 ug/ No relevant outcomes No - no relevant outcomes
2017 of 3ug/ul in the left SNpc and kg/day i.p. for 28 days)
the ventral tegmental area)
Badawi Rat Rotenone (3 mg/kg/day s.c. for ~ Following PD-model induction:Liraglutide (50 pg/ Striatal dopamine No - non-independent
etal. 10 days) kg/day s.c. for 16 days) content (ng/mg of secondary study outcome
2017 protein)
TH + neurons in the Yes — PD symptoms primarily
SNpc (% of non-PD caused by degeneration of
vehicle control) dopaminergic neurons in the
SNpc
Hansen Rat 6-OHDA (stereotaxical infusion Following PD-model induction:Liraglutide (500 ug/  TH + neurons in the Yes — primary outcome within
et al. of 13.5 ug in the right medial kg/day s.c for 6 weeks) SNpc (cell count) the study
2016 forebrain bundle)
Harkavyi Rat 6-OHDA (stereotaxical infusion Following PD-model induction:Exendin-4 (0.5 ug/ Striatal dopamine Yes — primary outcome within
et al. of 8ug/4ul in the right medial kg twice daily i.p. for 7 days) content (pg/g of protein)  the study
2008 forebrain bundle)
Zhang et al. Rat 6-OHDA (stereotaxical infusion Following PD-model induction:Exendin-4 (10 nmol/  Striatal dopamine No - non-independent
2020 of 5uL in the right medial kg/day i.p. for 30 days) content (pg/mg of secondary study outcome
forebrain bundle) protein)
TH + neurons in the Yes — PD symptoms primarily
SNpc (cell count) caused by degeneration of
dopaminergic neurons in the
SNpc
Feng et al. Mouse MPTP (25 mg/kg/2hi.p.for8h)  Following PD-model induction:Liraglutide (25 TH + density in the SNpc ~ Yes — primary outcome within
2018 nmol/kg/day i.p. for 6 days) (optical density) the study
Yuan et al. Mouse MPTP (25 mg/kg/day i.p. for 7 Following PD-model induction:Liraglutide (25 TH + density in the SNpc ~ Yes — PD symptoms primarily
2017 days) nmol/kg/day i.p. for 7 days) (optical density) caused by degeneration of
dopaminergic neurons in the
SNpc
TH + density in the No - non-independent
striatum (optical secondary study outcome
density)
Liu et al. Mouse MPTP (20 mg/kg/day i.p. for 7 Simultaneous to PD-model induction:Liraglutide TH + neurons in the Yes — PD symptoms primarily
2015 days) (25 nmol/kg/day i.p. for 14 days);Lixisenatide (10 SNpc (cell count) caused by degeneration of

nmol/kg/day i.p. for 14 days);Exendin-4 (10 nmol/
kg/day i.p. for 14 days)

TH + density in the
striatum (optical
density)

dopaminergic neurons in the
SNpc

No - non-independent
secondary study outcome
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3. Results
3.1. Search results

The search strategy resulted in 387 articles. 40 relevant records were
screened for their relevance to GLP-1 receptor agonist use in PD. The
final number of studies included in the analysis was 11 (Fig. 2) [11-21].
Articles were mainly excluded due to study design variations. Partial PD
lesion models and study designs in which drug therapy was given prior
to establishing a PD lesion were eliminated as the study is specific for the
effect of GLP-1 receptor agonists on established PD lesions. Diabetic
rodent populations were excluded due to potential additional mecha-
nistic factors. Experimental GLP-1 receptor agonists with an unknown
human safety profile that are not TGA-listed were excluded to optimise
the applicability of this review to Phase IV human clinical trials.

3.2. Characteristics of included studies

3.2.1. Dopaminergic neurotransmission outcomes

Table 1 displays the study characteristics of studies included in the
primary outcome measuring indicators of dopaminergic neurotrans-
mission. As the pathogenesis of PD is typically characterised by dopa-
minergic neuron degeneration in the SNpc, study outcomes were chosen
accordingly. TH is the rate-limiting enzyme in the synthesis of dopamine
and is hence used as the marker for dopaminergic neurons in pre-clinical
studies [2]. Chosen study outcomes thus included cell count of TH +
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neurons in the SNpc and optical density of TH + density in the SNpc. In
studies that lacked a measure of SNpc dopaminergic neurotransmission,
striatal dopamine was considered.

Table 2 summarises the distribution of variables within the studies —
PD model choice, GLP-1 receptor agonist therapy choice and dopami-
nergic neurotransmission outcomes. To determine the publication bias
of studies, the funnel plot generated for these outcomes is displayed in

0 SESMD)

e R O R

-10 -5 0 5 10

Fig. 3. Funnel plot for the primary outcome.

Records excluded
(n=20)

Full-text articles excluded
(n=9)

Reasons excluded:

Partial PD lesion model {n=1)
Experimental GLP-1 agonist not
TGA-listed (n=4)

Drug therapy given prior to an
established PD lesion (n=3)
Full text not-accessible (n=1)
Diabetic rodent population (n=1)

—
c
-g Records identified through Additional records identified
_:: database searching through other sources
§ (n=383) (n=4)
b
Y Y
Records after duplicates removed

(n=287)
g
c
§ Y
& Records screened R

{n=40) "

Y
Full-text articles assessed
£ for eligibility >
B {n=20)
&
b
Y
\_.a Studies included in
qualitative synthesis

(n=11)
g ¥
<] Studies included in
£ quantitative synthesis

{meta-analysis)
(n=11)

Fig. 2. PRISMA flow chart of search strategy and study selection [30].



S. Dahiya et al.

Fig. 3. Visual inspection of the funnel plot shows apparent asymmetry,
suggesting the presence of likely publication bias or high study
heterogeneity.

3.2.2. Motor assessment outcomes

Table 3 displays the study characteristics of studies included in the
secondary outcome considering motor symptoms. The study outcomes
considered include the open-field test, the rotarod test, the
apomorphine-induced rotations test and the catalepsy test. The open-
field test is a measure of general locomotor activity, recording ambu-
lations over a period of time [11]. The rotarod test is a more specific
measure of motor coordination, specifically bradykinesia and imbalance
[11]. Similarly, the catalepsy test is also a more specific test focusing on
the symptoms of akinesia and rigidity [15]. The apomorphine-induced
rotations test does not represent a specific Parkinsonian symptom but
is the best indicator of motor impairment in unilateral full lesion models
by determining the severity of the lesion [16]. Other tests were less
commonly performed and were excluded from the meta-analysis.

Table 4 summarises the distribution of variables within the studies —

Clinical Parkinsonism & Related Disorders 6 (2022) 100133

Table 4
Distribution of study characteristics for the secondary outcome.
Number of
studies
PD model 6-OHDA 3
MPTP 5
Rotenone 3
GLP-1 receptor agonist Liraglutide 8
intervention Exenatide/exendin-4 4
Semaglutide 2
Lixisenatide 1
Outcome Open-field test 3
Rotarod test 3
Apomorphine-induced 4
rotations
Catalepsy test 1

PD model choice, GLP-1 receptor agonist therapy choice and motor test.
The funnel plot generated for these outcomes is displayed in Fig. 4. Like
the primary outcome, the funnel plot for the secondary outcome is
visually asymmetrical indicating the presence of publication bias or high

Table 3

Study characteristics for the secondary outcome — indicators of motor symptoms.

Study Rodent  PD model GLP-1 receptor agonist intervention Outcome (unit of Included/not included in meta-
measurement) analysis with rationale
Zhang et al. Mouse MPTP (20 mg/kg/day i.p. for Simultaneous to PD-model induction:Semaglutide Open field test Yes — indicator of general locomotor
2019 30 days) (25 nmol/kg every two days i.p. for 30 days); (metres/10 min) and exploratory activity
Liraglutide (25 nmol/kg/day i.p. for 30 days) Rotarod test (s) No - non-independent secondary
study outcome
Grip strength (N) No — non-independent secondary
study outcome
Stride variability (cm)  No — non-independent secondary
study outcome
Badawi Rat Rotenone (3 mg/kg/day, s.c. for ~ Following PD-model induction:Liraglutide (50 pg/ Open field test Yes — primary outcome within the
et al. 10 days) kg/day s.c. for 16 days) (ambulations/5 min) study
2019
Zhang et al. Mouse MPTP (20 mg/kg/day i.p. for 7 Following PD-model induction:Semaglutide (25 Open field test (cm/ Yes —indicator of general locomotor
2018 days) nmol/kg every two days i.p. for 7 days);Liraglutide = 10 min) and exploratory activity
(25 nmol/kg/day i.p. for 7 days) Rotarod test (s) No - non-independent secondary
study outcome
Stride variability (cm)  No - non-independent secondary
study outcome
Aksoy et al. Rat Rotenone (stereotaxical Following PD-model induction:Exenatide (30 ug/ Apomorphine- Yes — primary outcome within the
2017 infusion of 3ug/ul in the left kg/day i.p. for 28 days) induced rotations study
SNpc and the ventral tegmental (turns/10 min)
area)
Badawi Rat Rotenone (3 mg/kg/day s.c. for  Following PD-model induction:Liraglutide (50 pg/ Cylindrical test No - non-independent secondary
et al. 10 days) kg/day s.c. for 16 days) (rears/5 min) study outcome
2017 Catalepsy test (s) Yes — the catalepsy test is better
reflective of Parkinsonian
symptoms
Hansen Rat 6-OHDA (stereotaxical infusion Following PD-model induction:Liraglutide (500 ug/  Apomorphine- Yes — primary outcome within the
et al. of 13.5 ug in the medial kg/day s.c for 6 weeks) induced rotations study
2016 forebrain bundle) (turns/15 min)
Harkavyi Rat 6-OHDA (stereotaxical infusion Following PD-model induction:Exendin-4 (0.5 ug/ Apomorphine- Yes — primary outcome within the
et al. of 8ug/4ul in the right medial kg twice daily i.p. for 7 days) induced rotations study
2008 forebrain bundle) (turns/15 min)
Zhang et al. Rat 6-OHDA (stereotaxical infusion Following PD-model induction:Exendin-4 (10 Open field test (cm/ No - non-independent secondary
2020 of 5uL in the right medial nmol/kg/day i.p. for 30 days) 10 min) study outcome
forebrain bundle) Apomorphine- Yes — the apomorphine-induced
induced rotations rotations test is a better indicator of
(turns/30 min) PD severity in unilateral lesion
models
Feng et al. Mouse MPTP (25 mg/kg/2h i.p. for 8 Following PD-model induction:Liraglutide (25 Rotarod test (s) Yes — primary outcome within the
2018 h) nmol/kg/day i.p. for 6 days) study
Yuan et al. Mouse MPTP (25 mg/kg/day i.p. for 7 Following PD-model induction:Liraglutide (25 Rotarod test (s) Yes — primary outcome within the
2017 days) nmol/kg/day i.p. for 7 days) study
Liu et al. Mouse MPTP (20 mg/kg/day i.p. for 7 Simultaneous to PD-model induction:Liraglutide Open field test No - non-independent secondary
2015 days) (25 nmol/kg/day i.p. for 14 days);Lixisenatide (10 (metres/10 min) study outcome

nmol/kg/day i.p. for 14 days);Exendin-4 (10 nmol/
kg/day i.p. for 14 days)

Rotarod test (s)

Catalepsy test (s)

Yes — data best presented for this
variable (average for multiple trials
given)

No - non-independent secondary
study outcome
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Fig. 4. Funnel plot for the secondary outcome.
study heterogeneity.

3.3. Meta-analysis for dopaminergic neurotransmission outcomes

Based on 10 studies (n = 128), the forest plot for the primary
outcome (Fig. 5a) revealed that GLP-1 receptor agonist therapy was
neuroprotective in pre-clinical PD models, seen through a statistically
significant relative improvement of dopaminergic neurotransmission
(SMD 1.71, 95% CI = 0.74-2.68, p = 0.0005). The study heterogeneity is
high (12 76%, p < 0.0001) and subgroup analysis was statistically
insignificant.

3.4. Meta-analysis for motor assessment outcomes

Based on 11 studies (n = 280), the forest plot for the secondary
outcome (Fig. 5b) revealed that GLP-1 receptor agonist therapy was also
neuroprotective in pre-clinical PD models when comparing motor out-
comes (SMD 2.11, 95% CI = 1.14-3.09, p < 0.0001). Study heteroge-
neity is higher than the primary outcome (I 89%, p < 00001) and
subgroup analysis was statistically insignificant.
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4. Discussion
4.1. Main findings

GLP-1 receptor agonist therapy is neuroprotective in pre-clinical
rodent models of PD. As demonstrated in the forest plots, the overall
effect size is positive for both motor outcomes and indicators of dopa-
minergic neurotransmission despite variations in study outcomes and
study design. GLP-1 receptor agonist therapy was shown to increase
both the presence of dopaminergic neurons and striatal dopamine
indicating an improvement in the neurotransmission of the entire
nigrostriatal pathway. The clinical impact of these pathological findings
was considered through the secondary outcome assessing change in
motor outcomes. There was a general trend of improvement reported for
each separate motor outcome in most studies. Combining these pa-
rameters indicated an overall improvement in motor activity that en-
capsulates the varying motor symptoms of PD.

In some studies, the impact of GLP-1 receptor agonist therapy given
following PD model induction showed a restoration of dopaminergic
neurons comparable to the non-Parkinsonian vehicle controls. For
instance, the 2018 study conducted by Zhang et al. evaluated the effect
of liraglutide and semaglutide on the MPTP mouse model. On histo-
logical assessment, TH + neuron count was recorded and expressed as a
percentage of the non-Parkinsonian vehicle control. Whilst the PD
model without intervention had a mean dopaminergic neuronal per-
centage of 59.18% (SEM 9.391, p < 0.001 compared to non-PD control),
this value increased to 75.61% (SEM 13.319, p < 0.01 compared to
MPTP group) and 88.56% (SEM 7.869, p < 0.001 compared to MPTP
group) with liraglutide and semaglutide treatment respectively [13]. In
studies such as this one, GLP-1 receptor agonist therapy was initiated
following the establishment of a PD lesion indicating that GLP-1 re-
ceptor agonist therapy may be disease-modifying and could alter the
prognostic course and slow the progression of PD.

4.2. Study limitations

This review has limitations related to the statistical analysis of ani-
mal studies. First, the pooled forest plots for both outcomes have high

PD model + GLP-1 agonist PD model Std. Mean Difference Std. Mean Difference

a) Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Aksoy etal. 2017 0 0 0 0 0 0 Not estimable

Badawi etal. 2017 B5.161 10.54 4 30.968 4.644 4 41X 5.65 [1.52, 5.78]

Badawl etal. 2019 2.8138 0.81078111 & 0.68966 0.10133539 & 9.5% 3.39[1.39, 5.40]

Feng etal. 2018 55 12.24744871 & 32 9.70795897 & 11.7% 1.91 [0.45, 3.38] -

Hansen etal. 2016 208 277.185B8582 B 1,020 1,238.851081 B 13.5% -0.76[-1.79,0.27] —

Harkavyl et al. 2008 7.0213 2.34514148 & 0.42553 0.26057672 & 9.1x 3.65 [1.54, 5.76]

Yuanetal. 2017 0.040194  0.0127503 10 0.022581 0.00764955 10 12.7% 2.42[1.21, 3.64] —_—

Zhang etal. 2018 B2.085 26.4276 12 59.18 23.0032 & 13.5% 0.86 [-0.17, 1.89] —

Zhang et al. 2019 73.729 28.3593 12 43.22 17.4379 & 13.3% 1.14 [0.07, 2.21] ——

Zhang etal. 2020 68.023 24.56593263 & 43.169 19.2235955 & 126% 104 [-0.20, 2.28] T

Total (95% CI) 70 58 100.0% 1.71 [0.74, 2.68] Eee

Heterogenehy: Tau® = 1.53; ChF* = 33.56, df = B (P < 0.0001); ¥ = 76X =T % + i

Test for overall effect: Z = 3.47 (P = 0.0005} GLP-1 worsens PD outcome GLP-1 improves PD outcome
b) PD model + GLP-1 agonist PD model Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
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Fig. 5. Forest plots comparing a) dopaminergic neurotransmission outcomes, and b) motor outcomes between PD models and PD models treated with a GLP-1

receptor agonist.
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Item Type of Domain Description of domain Review authors judgment
bias
Was the allocation sequence
Selection Sequence Describe the methods used, if any, to generate the allocation sequence in sufficient adequately generated and
1 bias generation detail to allow an assessment whether it should produce comparable groups. applied? (*)
Describe all the possible prognostic factors or animal characteristics, if any, that are Were the groups similar at
Selection Baseline compared in order to judge whether or not intervention and control groups were similar  baseline or were they adjusted
2 bias characteristics at the start of the experiment. for confounders in the analysis?
Describe the method used to conceal the allocation sequence in sufficient detail to
Selection Allocation determine whether intervention allocations could have been foreseen before or during ~ Was the allocation adequately
3 bias concealment  enrolment. concealed? (*)
Performance Random Describe all measures used, if any, to house the animals randomly within the animal Were the animals randomly
4 bias housing room. housed during the experiment?
Were the caregivers and/or
investigators blinded from
Describe all measures used, if any, to blind trial caregivers and researchers from knowledge which intervention
Performance knowing which intervention each animal received. Provide any information relatingto  each animal received during the
5 bias Blinding whether the intended blinding was effective. experiment?
Random
Detection outcome Describe whether or not animals were selected at random for outcome assessment, and ~ Were animals selected at random
6 bias assessment which methods to select the animals, if any, were used. for outcome assessment?
Describe all measures used, if any, to blind outcome assessors from knowing which
Detection intervention each animal received. Provide any information relating to whether the Was the outcome assessor
7 bias Blinding intended blinding was effective. blinded?
Describe the completeness of outcome data for each main outcome, including attrition
and exclusions from the analysis. State whether attrition and exclusions were reported,
Attrition Incomplete the numbers in each intervention group (compared with total randomized animals), Were incomplete outcome data
8 bias outcome data  reasons for attrition or exclusions, and any re-inclusions in analyses for the review. adequately addressed? (*)
Selective
Reporting  outcome Are reports of the study free of
9 bias reporting State how selective outcome reporting was examined and what was found. selective outcome reporting? (¥)
10 Other Other sources  State any important concerns about bias not covered by other domains in the tool. Was the study apparently free of

of bias

other problems that could result
in high risk of bias? (*)

Fig. 6. SYRCLE’s Risk of Bias tool [9].

heterogeneity values that are not resolved through subgroup analyses.
The purpose of this meta-analysis was to consider a broader, clinically
relevant research question than those proposed by the individual studies
alone. For instance, considering the motor outcomes for rotarod test
performance only, whilst resolving study heterogeneity values, is not as
relevant for a clinician interested in overall motor improvement.
Further, whilst many clinical symptoms in human trials are often
standardised against rating scales and set protocols, animal studies are
more flexible and less consistent in their study design. As a consequence,
animal studies are likely to be inherently more heterogenous when
considering variances in animal models, intervention protocols and
chosen study outcomes [22]. In this review, three different PD model
toxins were considered over two rodent species with variations in the
study design for PD model induction and GLP-1 receptor agonist ther-
apy. Further, distinct but related study outcomes were integrated into a
more general assessment of behavioural and histological improvements.

As a consequence, the high heterogeneity for these studies is explained
by slight variations in study design but is considered appropriate given
the clinical relevance of the broader questions asked. The high hetero-
geneity values also likely accounts for the asymmetry of the funnel plots
[23]. However, publication bias in animal studies and studies performed
with small sample sizes is common. Publication bias, consequently, must
be considered as an influencing factor in the interpretation of the results
of this meta-analysis.

Whilst being a necessary step in the general scheme of research,
another limitation of animal studies is their shortcomings in modelling
human pathology. Ideally, the model should reflect the main patho-
physiological changes in PD. However, none of the included PD models
in this meta-analysis completely replicate these pathologies [24,25].
Further, animal models are also expected to mimic the symptomology of
PD. Some motor symptoms were not directly translatable or assessable,
such as tremor and postural stability. Non-motor symptoms were
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disregarded altogether as any animal study design would be unreliable
in measuring factors such as mood and sleep disturbance. Hence, sta-
tistically significant results in animal studies may not translate to clin-
ical significance due to limitations of the PD model. Nonetheless, animal
studies are an invaluable resource that indicate the opportunity for
further research and are often the first stage to constructing studies that
confirm a clinically measurable effect of an intervention in human
populations.

4.3. Implications for clinical practice

This meta-analysis, despite its limitations, has demonstrated that
GLP-1 receptor agonist therapy is effective in reducing motor impair-
ments and improving dopaminergic transmission in rodent models of
PD. Importantly, the safety profiles of GLP-1 receptor agonists have
already been identified and the drug class has been approved for human
use. Consequently, there is sufficient research to justify human trials to
determine the clinical outcomes of GLP-1 receptor agonist therapy in a
human PD population.

Currently, the UCL Queen Square Institute of Neurology has been the
only centre to address this available field of research and publish the
outcomes of human clinical trials. Consistent with the results of this
meta-analysis, the research team found that there was a statistically and
clinically significant improvement observed for motor symptoms
[26-28]. However, the evidence at this stage is insufficient to change
clinical practice and further trials must be performed. If the results of
future trials are successful, the approved use of GLP-1 receptor agonist
therapy could be extended to include PD patients and GLP-1 receptor
agonist therapy could become the first disease-modifying pharmaco-
logical option for PD.

4.4. Gaps in the literature

Currently, there are many gaps in the available literature that must
be addressed before GLP-1 receptor agonist therapy is approved for use
in PD patients. Primarily, there is a lack of information regarding long-
term neurological outcomes. The longest pre-clinical study was run by
Hansen et al. in 2016 and was conducted over 6 weeks [16]. Similarly,
the longest human trial was conducted in 2013 and involved the
administration of exenatide over 12 months, followed by a 12-week
wash-out and follow-up outcomes measured at 24 months [26,27].
There is also a lack of information regarding the side effect profile of
GLP-1 receptor agonist use in non-diabetic populations. Weight loss was
a significant finding in the published human trials and was seen to occur
during administration and to reverse following discontinuation [27].
However, this evidence is limited. Some potential side effects, such as
hypoglycaemia, have not been studied at all. Conversely, there is only a
single pre-clinical study and no human clinical studies looking at the
impact of the therapy in patients that have both T2DM and PD [29].
Both conditions are common, have a shared pathophysiological basis
and are likely to co-exist. Further, given that the side effect profile is
known to be tolerable in these patients, this would be a valuable sector
of research. Within the Australian context, many patients may already
be eligible for GLP-1 receptor agonist therapy under the Pharmaceutical
Benefits Scheme (PBS) guidelines and if the drug class is proven to be
effective, adjustment of their diabetic medications would be a simple
task. Finally, studies that are available have limited information
regarding non-motor symptom outcomes and are composed of small
study numbers. Thus, to establish the efficacy of GLP-1 receptor agonist
therapy in PD, a large double-blinded RCT must be conducted that ad-
ministers the therapy over a longer period of time with long-term follow-
up data. There must be a larger range of outcomes measured with an
extensive analysis of recorded side effects.
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