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Abstract

Parkinson's disease (PD) is a progressive neurological motor control disorder. A key
feature is the loss of midbrain dopaminergic neurons and the accumulation of aggregated
alpha-synuclein (a-syn). No current treatment is on the market that slows or halts disease
progression. Previous studies have shown that glucagon-like peptide-1 (GLP-1) receptor
agonists have neuroprotective effects in animal models of PD. In addition, in a phase II
clinical trial, the GLP-1 receptor agonist exendin-4 has shown good protective effects in PD
patients. In the present study, we have investigated the neuroprotective effects of the GLP-1
analogues semaglutide (25nmol/kg ip. once every two days for 30 days) and liraglutide
(25nmol/kg ip. once daily for 30 days) in the chronic MPTP mouse model of PD. Both drugs
are currently on the market as a treatment for Type II diabetes. Our results show that both
semaglutide and liraglutide improved MPTP-induced motor impairments. In addition, both
drugs rescued the decrease of tyrosine hydroxylase (TH) levels, reduced the accumulation of
a-syn, alleviated the chronic inflammation response in the brain, reduced lipid peroxidation,
and inhibited the mitochondrial mitophagy signaling pathway, and furthermore increased
expression of the key growth factor GDNF that protects dopaminergic neurons in the
substantia nigra (SN) and striatum. Moreover, the long- acting GLP-1 analogue semaglutide
was more potent compared with once daily liraglutide in most parameters measured in this
study. Our results demonstrate that semaglutide may be a promising treatment for PD. A

clinical trial testing semaglutide in PD patients will start shortly.

Key words: insulin; growth factors; oxidative stress; inflammation; GLP-1; incretin
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1. Introduction

Parkinson disease (PD) is the second most common degenerative disease characterized by
progressive loss of dopaminergic neurons in the substantia nigra pars compacta, motor
impairments, and deposition of intraneuronal inclusions known as Lewy bodies [1]. The main
symptoms are resting tremors, muscular rigidity, bradykinesia, and postural and gait
abnormalities [2]. Recently, studies have shown a link between PD and type 2 diabetes
(T2DM), another common chronic neurodegenerative disorder characterized by progressive
hyperglycemia, pancreatic B-cell dysfunction and insulin resistance (IR) in peripheral tissues
[3]. Both PD and T2DM are age-related chronic diseases, and these also share several
genetic susceptibilities, such as single nucleotide polymorphisms in the growth factor
signaling kinase gene Akt, which can increase individual’s risk for developing PD and
diabetes [4]. Insulin signaling was found to be impaired in the brains of PD patients,
impairing energy utilization and cell repair [5-7]. Insulin is a key growth factor that protects
neurons [8, 9].

Drugs that had been initially developed to treat type II diabetes have been re-purposed as
treatments for Parkinson’s disease [10, 11]. These drugs are long-lasting, protease resistant
mimetics of the hormone and growth factor glucagon-like peptide -1 (GLP-1) [12-14]. GLP-1
is neuroprotective and can re-sensitize insulin signaling [15-17]. The GLP-1 mimetic
exendin-4 (exenatide, Bydureon), which is on the market to treat T2DM, showed a
therapeutic effect in different animal models of PD [18-21]. Exendin-4 was protective in a
pilot clinical trial in PD patients (NCT01174810)[22, 23]. Importantly, a phase II clinical trial
showed protective effects in PD patients even 3 months after treatment had been
discontinued[24]. Liraglutide is a GLP-1 analogue [25, 26] that has an extended survival time
in the blood stream and has a half-life of approximately 12 hours in humans [27, 28].
Therefore, it requires a once-daily dosing for treating diabetes [29]. Liraglutide also showed
neuroprotective effects in animal models of PD and Alzheimer’s disease [30, 31]. Liraglutide
is currently being tested in a phase II trial in PD patients (clinical trial identifier
NCT02953665).

Semaglutide is a modification of liraglutide that is protease-resistant by changing the amino
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acid at position 8 and an extended spacer for the attached fatty acid [32], and is on the market
as a new once- weekly drug to treat type II diabetes. It has been approved in the USA and
Europe as a treatment for diabetes [33, 34]. A phase II clinical trial testing semaglutide in PD
patients will start early 2019 (NCT03659682). Previously, we have investigated the
neuroprotective effects of the once-weekly GLP-1 analogue semaglutide and compare it with
liraglutide in the acute MPTP mouse model of PD [35]. However, the acute model is not
considered to be a good representation of the pathology observed in PD, as the disease
develops slowly over time. Therefore, we investigated these neuroprotective effective in the
chronic MPTP treatment PD mouse model. Additionally, we analyzed the effects of the drugs
on a-synuclein expression and on the impairments of autophagy that has been observed in the
MPTP mouse model. If autophagy is impaired in the disease, proteins such as a-synuclein
can accumulate and aggregate in the cell. As semaglutide will be tested in PD patients in a
clinical trial, it is of vital importance to investigate the underlying molecular mechanisms of

its actions.

2. Materials and methods

2.1. Chemicals and peptides
Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was purchased from Sigma-Aldrich (St

Louis, MO, USA). Other chemicals used were of the highest quality commercially available.
Semaglutide and liraglutide (peptide purity: 95.77%) was purchased from Synpeptide Co.
(Shanghai, China). The quality was tested using HPLC and MALDI-TOF analysis.

The amino acid sequence of liraglutide:
HAEGTFTSDVSSYLEGQAAK](YE)-(Pal)]EFIAWLVRGRG-OH
Pal = palmitoyl acid

The amino acid sequence of semaglutide [32]: HXEGTFTSDVSSYLEGQAAKNG6-(N-(17-
carboxy-1-oxoheptadecyl)-L-gamma-glutamyl-2-(2-(2-aminoethoxy)ethoxy)acetyl-2-(2-(2-
aminoethoxy)ethoxy)acety) EFIAWLVRGRG-OH

X = aminoisobutyric acid;

2.2.  Animals and drug treatments



semaglutide is neuroprotective

Male C57BL/6 mice 8 weeks old (20-25g) were purchased from the Experimental Animal
Center, Shanxi Medical University. The animals were maintained on 12 hour light/dark cycle
and provided food and water ad libitum. Mice were randomly divided into six groups (N=12
animals per group). A: control group treated with saline alone; B: liraglutide group treated
with liraglutide (25nmol/kg ip. once daily for 30 days); C: semaglutide group treated with
semaglutide (25nmol/kg ip. once every two days for 30 days), D: MPTP group treated with
MPTP alone (once daily 20mg/kg ip. for 30 days); E: MPTP (once daily 20mg/kg ip. for 30
days) + liraglutide treated group (25nmol/kg ip. once daily for 30 days). F: MPTP (20mg/kg
ip. once daily for 30 days) + semaglutide- treated group (25nmol/kg ip. once every two days
for 30 days). At the end of drug treatments, behavioral changes, neuronal damage,
inflammatory markers, and other biomarkers were assessed.

All animal experiments were approved by the ethics committee of Shanxi Medical

University.

2.3. Behavioral assessment
2.3.1. Open-field test

The open-field test is used to evaluate locomotor and exploratory activity of PD mice and
was conducted on the 31th day after MPTP treatment. The open-field apparatus consisted of a
circular arena (35cm diameter floor and 40cm high walls), and a computer tracking system
(Etho Vision XT software, Noldus information technology, Wageningen, Netherlands). Each
mouse was placed in the center of the apparatus, and tracking started immediately. After
acclimatizing for 10 min, the distance travelled by the animal was recorded by the tracking

system. The area was wiped with 75% alcohol and dried between each trial.

2.3.2. Rotarod performance

The rotarod test is to measure motor coordination in the mouse model of PD. The rotarod
equipment (YLS-4C, Academy of medical sciences in Shandong, China) consisted of a
rotating spindle and five individual compartments. All mice were pre-trained for 3 days prior
to drug administration. The test consisted of three consecutive runs with a gradual increase in
rpm up to a maximum 30 rpm for up to 180 seconds. The length of time was recorded as the
latency period to fall. The experiment was repeated three times for each animal at 10 min rest

5
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intervals.

2.3.3. Footprint gait test

The footprint test was described previously [35]. Briefly, the animal forelimbs were dipped in
blue ink and the hind limbs in red ink to record footprints as they walked through a dark
tunnel (10X 10X50 cm). The footprints were recorded on a clean sheet of white paper placed
on the floor of the tunnel. The two initial steps were excluded from the measurements, and
only steps performed in a straight line were recorded. To avoid differences in the stride length
as a result of velocity variations, the footprints were only recorded when the mice walked
along the tunnel with a regular velocity, and excluding the mice that performed the test with
perceptible velocity alterations. Stride lengths were determined by measuring the distance
between each step on the same side of the body. The length of the shortest stride was

subtracted from the length of the longest stride to determine the stride variability.

2.3.4. Grip Strength Test

Grip strength was measured by the digital grip strength meter 47200 (Ugo Basile, Italy). Grip
strength testing is commonly used as an objective measure of muscle strength in the front
legs. All mice were pre-trained for 3 days prior to test. Each mouse was placed in the
platform apparatus, and to grasp a lever that can transmit the force value by its forelimbs,
then they were pulled at the tail until release of grip to measure the muscle strength of their
forelimbs. Each group was tested 3 times and measured in Newtons (N). If the third value
was highest, the subject was tested until the value stopped increasing. The maximum muscle

strength of each mouse was taken for statistical analysis.

2.4. Brain tissue preparation

All animals were killed on the 31th day of MPTP injection. After ethyl carbamate
anesthetization, the brains of 6 mice per group were selected and the substantia nigra and
striatum were dissected and immediately frozen at — 80°C for immunoblot analysis. Another
6 mice per group were intracardially perfused with 20 ml saline and then fixed with 20 ml of

cold 4% paraformaldehyde (PFA). Brains were immediately removed and post-fixed in 4%
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PFA 24 hours for immunohistochemistry analysis.

2.5. Immunohistochemistry

The fixed brain tissue samples were embedded in paraffin, and sections were cut at 4um with
a semiautomatic microtome (Leica, Wetzlar, Germany). The sections encompassing the
substantia nigra pars compacta (SNpc) and the striatum were placed on glass slides, then the
paraffin was removed from the tissue sections with xylene, and the sections were rehydrated
in descending concentrations of ethanol solutions. Then the sections were put into H202
(3%) for 10 min to block the activity of endogenous peroxidase. Antigen retrieval was
performed by heating in 10 mmol/L citrate buffer for 10 min. After blocking with 5% BSA,
sections were incubated with the primary antibody for tyrosine hydroxylase (TH) (rabbit anti-
TH; 1:200; cat. No. ab75875, Abcam, Cambridge, UK), GFAP (rabbit anti-GFAP; 1:200; cat.
No. PB0046, Boster Biotechnology Co., Ltd. Wuhan, China) and IBA1 (goat anti-IBA1;
1:200; cat. No. PB0517, Boster Biotechnology Co., Ltd. Wuhan, China), 4-HNE (rabbit anti-
4-HNE; 1:400; cat. No. ab46545, Biosynthesis Biotechnology Co., Ltd. Beijing, China) at
37°C for 1 hour. Then they were rinsed in PBS and incubated a secondary peroxidase-
conjugated antibody kit (Boster, Wuhan, China) at 37°C for 0.5 h. Stained sections were
viewed under a Zeiss light microscope, and images were captured by a digital camera (Motic
BA410; Motic, Xiamen, China). Quantitative analysis of DA neurons in SNpc was carried
out in the region spanning from -2.92 mm to -3.40 mm relative to bregma. The region
corresponding to the SNpc was clearly delineated, according to the mouse brain atlas of
Paxinos and Franklin [36]. The magnification was kept the same for all measurements. Each
mouse had one section analyzed with n=6 per group. Numbers of GFAP, IBA1, 4-HNE
positive cells in SNpc were determined using Image-pro plus 6.0 software. All data were
expressed as a percentage of control values. Abbreviations: 4-Hydroxynonenal (4-HNE);
Glial fibrillary Acid Protein (GFAP); ionized calcium-binding adapter molecule 1 (IBA-1);
B-cell lymphoma 2 (Bcl-2); Bcl-2 associated X protein (BAX); DA =dopamine

2.6. Western blots

Brain tissue with substantia nigra was stored at -80 °C for western blot analysis. The tissue
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was weighed and cut into pieces in cold radio immune precipitation (RIPA) buffer (Beyotime
Institute of Biotechnology, Shanghai, China). Two hours later, tissue lysates were added to
phenylmethanesulfonyl fluoride (PMSF) and put on ice for 30 minutes. Tissue lysates were
obtained by centrifugation at 12,000 rpm for 20 min at 4 C°. Protein concentration was
measured by the bicinchoninic acid protein assay (Boster Biotechnology Co., Ltd. Wuhan,
China). Samples mixed with loading buffer to the same concentration were boiled for 5 min.
Samples with equivalent amounts of protein were run on 8%, 10% or 12% SDS-
polyacrylamide gel and transferred protein band onto polyvinylidene difluoride (PVDF)
membranes. Then, the membranes were blocked with 5% bovine serum albumin for two
hours. The membranes were probed overnight at 4 °C with primary antibodies that
specifically detect Bel-2 (1:1000; #BS70205, Bioworld Technology, Inc. MN, USA), Bax
(1:500; #BS2538, Bioworld Technology, Inc. MN, USA), and B-Actin (1:5000; #ab8227,
Abcam, Cambridge, UK), a-Syn (1:1000; #2642, Cell Signaling Technology, Inc.), ATC7
(1:000; #BS6046, Bioworld Technology, Inc.MN, USA), LC3 (1:1000; #L.7543, Sigma-
Aldrich, Inc. USA)], Beclin 1 (1:000; #AP0768, Bioworld Technology, Inc. MN, USA),
SQSTM1 (1:000; #AP6006, Bioworld Technology, Inc. MN, USA), or GDNF (1:500;
#ab18956, Abcam, Cambridge, UK), followed by labeling with secondary antibodies (goat-
anti-rabbit -IgG-horseradish peroxidase, HRP), 1:5000; (Abcam, Cambridge, UK) shake for 2
h. The relative immunoreactive bands were captured by a chemiluminescence imaging
system (Sagecreation, Beijing, China), and visualized by using ECL-enhanced
chemilluminescence (Boster Biotechnology Co., Ltd. Wuhan, China), and digitalized by the
image analysis system of Quantity One 4.31 (Bio-Rad, Hercules, CA, USA). As an indicator
for mitochondrial apoptosis, the ratio of BAX/Bcl-2 levels was computed and graphed.
Abbreviations: autophagy chaperone mediator 7 (ATC7); sequestosome 1 (SQSTM1);
1A/1B-light chain 3 (LC3); LC3 binding protein 62 (p62)

2.7. Statistical analysis
All data were expressed as means + S.E.M. All analysis was conducted using GraphPad
Prism (Graph-Pad software Inc., San Diego, CA, USA). Statistical significance was

performed by one-way ANOVA for multiple comparisons followed by Tukey's Multiple
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Comparison Test. Statistical significance was set at P < 0.05.

3. Results

3.1 Semaglutide and liraglutide normalized motor impairments induced by MPTP

In the open field test, semaglutide alleviated the locomotor impairments induced by
MPTP. A one-way ANOVA found an overall difference of distance travelled (F=13.19,
P<0.0001) between all groups. There was no difference between control group and
nstliraglutide group and ns+semaglutide group. However a difference was found between the
control groups and MPTP group (p<0.001). Furthermore, a difference was found between
MPTP+liraglutide and MPTP group (p<0.01), and MPTP+semaglutide and the MPTP group
(p<0.001). This shows that liraglutide and semaglutide were able to normalize the MPTP-
induced impairments in locomotor and exploratory activity of mice. There was no significant
difference between MPTP + semaglutide group and MPTP + liraglutide groups (P>0.05).
N=12 per group, see Fig.la.

In the rotarod test, a one-way ANOVA found an overall difference of the time spent on
the rotating rod (F=37.87, P<0.0001) between all groups. There was no difference between
control group and ns+liraglutide group and ns+semaglutide group. However a difference was
found between the control group and MPTP group (p<0.001). Furthermore, a difference was
found between MPTP+liraglutide and MPTP+semaglutide and the MPTP group (p<0.001).
That is to say the two drugs were able to improve the bradykinesia and imbalance of mice
induced by MPTP. Semaglutide was more effective than liraglutide(p<0.01). N=12 per group,
see Fig.1b.

In the Grip Strength Test, a one-way ANOVA found an overall difference of maximum
muscle strength (F=35.86, P<0.0001) between all groups. There was no difference between
control group and ns+liraglutide group and ns+semaglutide group, However a difference was
found between the control groups and MPTP group (p<0.001). Furthermore, a difference was
found between MPTP+liraglutide and MPTP+semaglutide and the MPTP group (p<0.001).

That is to say the two drugs were able to improve the muscle strength of mice that was
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impaired by MPTP. Semaglutide was more effective than liraglutide(p<0.05). N=12 per
group, see Fig.lc.

In the foot print test, a one-way ANOVA found an overall difference on the Step
variation rate (F=27.61, P<0.0001) between all groups. There was no difference between
control group and ns+liraglutide group and ns+semaglutide group. However a difference was
found between the control groups and MPTP group (p<0.001). Furthermore, a difference was
found between MPTP+liraglutide and MPTP+semaglutide and the MPTP group (p<0.001).
That is to say the two drugs were able to improve the abnormal posture and gait of mice
induced by MPTP. Semaglutide was more effective than liraglutide (p<0.05). N=12 per
group, see Fig.1d.

3.2 Semaglutide and liraglutide attenuated dopaminergic neuronal loss in the SN
induced by MPTP

In the histological analysis of the number of cells positive for the dopamine biomarker
tyrosine hydroxylase (TH) in the substantia nigra, MPTP reduced the number of neurons
significantly. In a one-way ANOVA with Tukey's multiple comparison test (F=42.12, p <
0.0001), MPTP groups showed fewer TH positive neurons in the SN than saline-treated mice
(p<0.001). There was a difference between MPTP+liraglutide and MPTP group (p<0.01), and
a difference between MPTP-+semaglutide and MPTP group (p<0.001). Semaglutide was more
effective than liraglutide (p<0.05), see Fig. 2.

3.3 Semaglutide and liraglutide alleviated astrocyte and microglia activation in the
striatum

When analysing GFAP (astrogliosis) levels in the striatum: In a one-way ANOVA with
Tukey's multiple comparison test (F=432.2, p < 0.0001). There was no difference between the
control group and the ns+liraglutide group and the ns+semaglutide group. GFAP levels in the
MPTP group were found to be far higher in the striatum compared to the control group (P <
0.001), a difference was found between the MPTP+liraglutide, MPTP+semaglutide and the
MPTP group (p < 0.001), and semaglutide was more effective than liraglutide (p<0.05); N=6
per group, see Fig. 3a.

10
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When assessing IBA-1 (microgliosis) levels in the striatum: In a one-way ANOVA with
Tukey's multiple comparison tests (F=187.2, p <0.0001), there was no difference between
the control group and ns+liraglutide group and the ns+semaglutide group. In the MPTP
group, IBA-1 levels were found to be higher than the control group (p <0.001). A difference
was found between the MPTP-+liraglutide, MPTP+semaglutide and the MPTP group (p <
0.001), and the MPTP+semaglutide group differed from the MPTP+liraglutide group (p <
0.001), demonstrating that liraglutide and semaglutide can reduced microgliosis. Semaglutide

was the more potent drug. N=6 per group. See Fig. 3b.

3.4 Semaglutide and liraglutide reduced lipid peroxidation in the striatum induced by
MPTP

In the immunohistochemical analysis, 4-HNE was monitored as an indicator of lipid
peroxidation. A one-way ANOVA found an overall difference of 4-HNE expression in the
SN (F=157.8, P<0.001); There was no difference between the control group and
nstliraglutide group and the ns+semaglutide group. In the MPTP group, 4-HNE levels were
found to be higher than in the control group (p < 0.001), but identical to the
MPTP-+liraglutide group and MPTP+semaglutide group. This shows that the liraglutide and
semaglutide drugs reduced 4-HNE levels (p < 0.001). The MPTP+semaglutide group differed
from the MPTP-liraglutide group (p < 0.001), demonstrating that both liraglutide and
semaglutide reduced 4-HNE levels. Semaglutide was the more potent drug. N=6 per group.
See Fig. 4.

3.5 Semaglutide and liraglutide reduced the levels of a-syn in the SN enhanced by
MPTP treatment

In the western blot analysis, we investigated the levels of a-syn in the SN. A one-way
ANOVA showed an overall difference (F=139.7, p<0.0001). In Tukey's multiple comparison
tests, there was no difference between control group and ns+liraglutide group and
ns+semaglutide group. In the MPTP group, a-syn levels were found to be higher than in the
control group (p < 0.001), the MPTP-+liraglutide group and MPTP+semaglutide group (p <
0.001). Tthe MPTP+liraglutide group was different from the MPTP+semaglutide group (p <

11
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0.01). This shows that both liraglutide and semaglutide drug reduced a-syn levels, and that

semaglutide was more effective. N=4 per group. See Fig. 5.

3.6 Semaglutide and liraglutide normalized the Bcl-2/BAX ratio in the SN impaired by
MPTP

The increase of Bax/Bcl-2 levels in the substantia nigra of mice induced by MPTP was
reversed by the two drugs. A one-way ANOVA showed an overall difference (F=324.8,
p<0.0001). In Tukey's multiple comparison tests, there was no difference between control
group and ns+liraglutide group and ns+semaglutide group. The overall levels of the anti-
apoptotic signaling molecule Bcl-2 in SN was reduced by MPTP treatment, levels of the pro-
apoptotic signaling molecule Bax in SNpc was increased by MPTP treatment, and the ratio of
Bax/Bcl-2 was increased (p< 0.001), compared with control group. Liraglutide and
semaglutide partly decreased the ratio of Bax/Bcl-2 by enhancing Bcl-2 levels and decrease
Bax levels (p< 0.001). Semaglutide was the more potent drug (p< 0.001). N=4 per group, see
Fig. 6.

3.7 Semaglutide and liraglutide increased autophagy-related proteins expression in the
SN reduced by MPTP.

In the substantia nigra, we investigated the expression of a set of autophagy-related (Atg)
proteins. Protein expression of Beclinl, Atg7, LC3 and P62 significantly differs among
groups as evident by one-way ANOVA analysis (p<0.0001). Tukey's multiple comparison
tests demonstrated that insurmountable ER stress induced by MPTP significantly suppresses
Beclinl, Atg7, LC3, and P62 expression. Semaglutide and liraglutide treatment significantly
enhanced levels of Beclinl, Atg7, L3 and P62. Additionally, semaglutide was more effective

than liraglutide. N=4 per group, see Fig. 7.

3.8 Semaglutide and liraglutide increased GDNF expression in the SN reduced by
MPTP.

In the western blot analysis, we investigated the expression of GDNF in the SN. A one-
way ANOVA showed an overall difference (F=67.88, p<0.0001). In Tukey's multiple
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comparison tests, there was no difference between the control group and ns-+liraglutide group
and ns+semaglutide group. In the MPTP group, GDNF levels were found to be lower than in
the control group (p < 0.001), but identical to the MPTP+liraglutide group and
MPTP+semaglutide group. This shows that the liraglutide (p < 0.01) and semaglutide (p <
0.001) partly increased GDNF levels. Semaglutide was the more potent drug (p< 0.001)
compared to liraglutide. N=4 per group. See Fig. 8.

4. Discussion

PD is characterized by the progressive functional loss of dopaminergic neurons in the
SN. One hypothesis is that the progressive deterioration of SN dopaminergic neurons may be
caused by misfolding and aggregation of the protein alpha synuclein, disruption of the
autophagy system, and mitochondrial dysfunction [37]. 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) is widely used to induce a Parkinson-like state in rodents [38, 39],
which can cross the blood brain barrier. Then, MPTP is metabolized into the toxic cationl-
methyl-4-phenylpyridinium (MPP+) by monoamine oxidase B [40]. MPP+ can kill primarily
dopamine-producing neurons in SN [41, 42]. MPP+ interferes with complex1of the
mitochondrial electron transport chain, which leads to the production of free radicals and
ultimately to neuronal death in the SN [43, 44]. The MPTP animal model is a commonly used
model of PD as this chemical can induce a PD-like phenotype in humans [45].

Our study demonstrates that both the GLP-1 analogue semaglutide and liraglutide
effectively normalized locomotor and exploratory activity, improved bradykinesia, movement
coordination and balance of mice, restored a weakening of muscle strength, and improved
postural and gait abnormalities of MPTP-treated mice. These results are in agreement with
our previous studies in the acute MPTP model [35]. Importantly, we have previously shown
that GLP-1 mimetics do not affect food intake or insulin plasma levels in non-diabetic and
non-obese animals [46]. We and others furthermore demonstrated that these drugs can enter
the brain and are activate receptors on neurons [47-49].

Tyrosine hydroxylase (TH) is a key enzyme in the synthesis of the catecholamine
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neurotransmitters [50] and is the principal regulator of dopamine synthesis in the CNS [51].
In order to investigate whether GLP-1could directly protect against MPTP-induced
nigrostriatal degeneration, we measured the number of TH positive cells. Our results
demonstrate that both drugs could increase the number in the SN, and show that the once-
weekly semaglutide was more effective than the once-daily liraglutide. Chronic inflammation
is playing a central role in PD pathogenesis because the release of cytokines promotes disease
progression [52, 53]. Damaged dopaminergic neurons and activated microglial cells can
stimulate astrocytes into immune-active status [54]. Moreover , the status of astrocyte
activation and the release of pro-inflammatory cytokines is associated with impairment of the
nigrostriatal system of MPTP treated mice [41, 55]. Recently a study reported that the
presence of activated microglia in the SN and putamen of patients with a PD diagnosis [56].
Both central and peripheral inflammation responses are responsible for sustained progression
of PD [57]. Our results demonstrate that both GLP-1 analogues can inhibit the inflammatory
response. Importantly, semaglutide was more effective compared with liraglutide in our study
where both drugs were tested at the same concentration.

Oxidative stress is a key feature of PD and of chronic inflammation that drives disease
progression [58]. One study found that lipid peroxidation and the level of 4-Hydroxynonenal
(4-HNE) in SNpc are increased in PD [59]. 4-HNE is one of the markers of membrane lipid
peroxidation induced by the excessive generation of reactive oxygen species (ROS) [60, 61].
The generation of ROS by MPTP administration is partly due to the inhibition of the
mitochondrial complex I activity [62]. 4-HNE furthermore activates BAD, a sensor for
mitochondrial dysfunction, and accelerates mitochondrial mitophagy [63]. Our study
demonstrates that both drugs can reduce 4-HNE levels in the midbrain of the mouse induced
by MPTP treatment, protecting cells of oxidative stress. Again, semaglutide was more potent
compared with liraglutide in this experiment.

The mechanisms underlying accumulation and aggregation of a-syn are considered to be
based on over-expression and failure to clear a-syn by proteolysis and autophagy pathways
[64, 65]. In addition, aberrant forms of a-syn, including oligomers and fibrils, are seen to
interfere with normal cellular processes, promoting further aggregation of protein, leading to
the spread of these toxic forms of a-syn from neuron to neuron, and ultimately to neuronal
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death [66-68]. Oligomeric a-syn is proposed to play a central role in spreading protein
aggregation in the brain with associated cellular toxicity, contributing to a progressive
neurological decline. One study demonstrated that the cerebrospinal fluid (CSF) of patients
with PD contained increased levels of a-syn oligomers when compared to controls [69]. We
therefore decided to measure a-syn expression in the brain. We have previously shown that
in the MPTP mouse model, a-syn expression is very much increased [63]. Our study
demonstrates that the MPTP-induced increase of a-syn expression in the brain is reduced
back to almost control levels by the drug, semaglutide again being more potent than
liraglutide.

Apoptosis (the most common form of programmed cell death) is closely related to
mitochondrial function, because the intrinsic apoptosis pathway is linked to mitochondrial
depolarization[70]. B cell leukemia/lymphoma 2 (Bcl-2) -family proteins regulate the
intrinsic apoptosis pathway by controlling mitochondrial outer membrane permeability [71].
The anti-apoptotic protein Bcl-2 can bind to the pro-apoptotic protein BAX (Bcl-2-associated
X protein) to form heterodimers that modulate apoptosis [72]. Therefore, we measured the
ratio of Bax/Bcl-2 levels. Our result show that MPTP treatment led to a decline of Bcl-2
levels and an increase of BAX in the SN, and GLP-1 analogues partly reversed this process.
Our results show that the rate of mitophagy and eventually apoptosis is reduced in the brain
after drug treatment. In addition, semaglutide showed an advantage compared with
liraglutide.

Autophagy removes misfolded proteins and damaged mitochondria to prevent apoptosis
caused by mitochondrial dysfunction [73-75]. Some studies show that the autophagy-
lysosome system is impaired in PD animal models and evidence for this was also found in the
analysis of postmortem PD brain tissue [76, 77]. In physiological conditions, apoptosis is
blocked and autophagy maintains intracellular homeostasis; this balance is perturbed in PD
[78, 79]. The activation of Beclin-1 leads to autophagosome formation and initiation of
autophagy, and a reduced expression of this protein will impair this process. We also
measured the conversion of microtubule-associated protein 1 light chain 3 beta-1/LC3B-I to
LC3B-II which is important for the sequestration of the phagosome in autophagy. The
conversion of LC3B-I to LC3B-II increased after GLP-1 treatment compare with the MPTP
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group, and GLP-1 analogues upregulated beclinl expression, indicating that GLP-1 signalling
alleviates the inhibition of autophagy induced by MPTP. Autophagy dysfunction along with
persistent ER stress can further trigger the excess accumulation of the autophagy adaptor
protein p62, which contains a KEAP1 binding motif similar to the promotor of oxidative
stress-reducing genes Nrf275 [80]. Accumulation of p62 leads to KEAP1 sequestration and
inactivation, which, in turn, blocks nuclear Nrf2 localization and transcription of Nrf2 target
genes [81]. This will lead to an impaired response to enhanced oxidative stress. These results
are in line with our previous studies of liraglutide effects on autophagy [82].

Glial cell line-derived neurotrophic factor (GDNF) is one of the most potent trophic
factors that have been identified for midbrain dopamine (DA) neurons, and plays an
important role in the postnatal survival of mesencephalic dopamine neurons [83, 84]. In 1993
Glial cell line-derived neurotrophic factor (GDNF) was first been shown to protect embryonic
dopaminergic neurons in vitro [85]. The therapeutic benefit of GDNF and NRTN has been
demonstrated in phenotypic, toxin-induced (MPTP) rodent and nonhuman primate models of
PD [86-89]. Our study demonstrates that the MPTP-induced loss of GDNF in the brain was
reversed by both drugs, demonstrating that GLP-1 signalling can rescue the decrease of
GDNF levels induced by MPTP. This is in line with previous studies [90, 91]. In addition,
semaglutide showed an advantage compared with liraglutide

In summary, our result showed that semaglutide and liraglutide normalized impaired
motor activity, increased the number of TH positive neurons in the SN, reduced the
expression of a-syn, and decreased inflammation, oxidative damage and mitophagy while
increasing autophagy, and furthermore increasing GDNF expression. These conclusion
confirm our previous findings that GLP-1 receptor agonists have neuroprotective effects in
PD mouse models[15]. In this mouse model of PD, semaglutide appears to be more effective
than liraglutide under the conditions chosen in this study. As both liraglutide and semaglutide
are in clinical trials in PD patients, we will be able to see if this outcome translates into the

clinic.

Acknowledgements
The research project was supported by a Shanxi Scholarship Council of China (2017-

16



semaglutide is neuroprotective

importance 4), and by the Fund for Shanxi “1331 Project” Key Subjects Construction.

Conflict of interest
CH is a named inventor on patent applications that cover the use of GLP-1 receptor agonists

as a treatment for Parkinson’s disease. The patent is owned by Ulster university, UK.

17



semaglutide is neuroprotective

References

(1]
(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

Kalia LV, Lang AE (2015) Parkinson's disease. Lancet 386, 896-912.

Kowal SL, Dall TM, Chakrabarti R, Storm MV, Jain A (2013) The current and projected economic burden
of Parkinson's disease in the United States. Movement Disorders 28, 311.

Brunetti A, Chiefari E, Foti D (2014) Recent advances in the molecular genetics of type 2 diabetes
mellitus. World Journal of Diabetes 5, 128.

Papadimitriou A (2008) Association between AKT1 gene and Parkinson's disease: a protective haplotype.
Neuroscience Letters 436, 232-234.

Aviles-Olmos |, Limousin P, Lees A, Foltynie T (2013) Parkinson's disease, insulin resistance and novel
agents of neuroprotection. Brain 136, 374-384.

Morris JK, Bomhoff GL, Gorres BK, Davis VA, Kim J, Lee PP, Brooks WM, Gerhardt GA, Geiger PC, Stanford
JA (2011) Insulin resistance impairs nigrostriatal dopamine function. Exp Neurol 231, 171-180.

Moroo |, Yamada T, Makino H, Tooyama |, McGeer PL, McGeer EG, Hirayama K (1994) Loss of insulin
receptor immunoreactivity from the substantia nigra pars compacta neurons in Parkinson's disease.
Acta Neuropathol (Berl) 87, 343-348.

Craft S, Cholerton B, Baker LD (2013) Insulin and Alzheimer's disease: untangling the web. J Alzheimers
Dis 33 Suppl 1, S263-275.

Freiherr J, Hallschmid M, Frey WH, 2nd, Brunner YF, Chapman CD, Holscher C, Craft S, De Felice FG,
Benedict C (2013) Intranasal insulin as a treatment for Alzheimer's disease: a review of basic research
and clinical evidence. CNS Drugs 27, 505-514.

Athauda D, Foltynie T (2016) The glucagon-like peptide 1 (GLP) receptor as a therapeutic target in
Parkinson's disease: mechanisms of action. Drug Discov Today 21, 802-818.

Holscher C (2016) GLP-1 and GIP analogues as novel treatments for Alzheimer’s and Parkinson’s disease.
Cardiovasc Endocrinol 5, 93-98.

Christensen M, Knop FK, Vilsbgll T, Holst JJ (2011) Lixisenatide for type 2 diabetes mellitus. Expert
Opinion on Investigational Drugs 20, 549-557.

Holscher C (2014) Insulin, incretins and other growth factors as potential novel treatments for
Alzheimer's and Parkinson's diseases. Biochemical Society Transactions 42, 593-599.

Campbell JE, Drucker DJ (2013) Pharmacology, Physiology, and Mechanisms of Incretin Hormone Action.
Cell Metabolism 17, 819-837.

Holscher C (2018) Novel dual GLP-1/GIP receptor agonists show neuroprotective effects in Alzheimer’s
and Parkinson’s disease models. Neuropharmacol. 136, 251-259.

Long-Smith CM, Manning S, McClean PL, Coakley MF, O'Halloran DJ, Holscher C, O'Neill C (2013) The
diabetes drug liraglutide ameliorates aberrant insulin receptor localisation and signalling in parallel with
decreasing both amyloid-beta plaque and glial pathology in a mouse model of Alzheimer's disease.
Neuromolecular Med 15, 102-114.

Perry T, Greig NH (2002) The glucagon-like peptides: a new genre in therapeutic targets for intervention
in Alzheimer's disease. J Alzheimers Dis 4, 487-496.

Bertilsson G, Patrone C, Zachrisson O, Andersson A, Dannaeus K, Heidrich J, Kortesmaa J, Mercer A,
Nielsen E, Ronnholm H (2010) Peptide hormone exendin-4 stimulates subventricular zone neurogenesis
in the adult rodent brain and induces recovery in an animal model of Parkinson's disease. Journal of
Neuroscience Research 86, 326-338.

18



semaglutide is neuroprotective

(19]

(20]

(21]

(22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

Harkavyi A, Abuirmeileh A, Lever R, Kingsbury AE, Biggs CS, Whitton PS (2008) Glucagon-like peptide 1
receptor stimulation reverses key deficits in distinct rodent models of Parkinson's disease. J
Neuroinflammation 5, 1-9.

Kim S, Moon M, Park S (2009) Exendin-4 protects dopaminergic neurons by inhibition of microglial
activation and matrix metalloproteinase-3 expression in an animal model of Parkinson's disease. Journal
of Endocrinology 202, 431-439.

Li Y, Perry TA, Kindy MS, Harvey BK, Tweedie D, Holloway HW, Powers K, Shen H, Egan JM, Sambamurti
K (2009) GLP-1 receptor stimulation preserves primary cortical and dopaminergic neurons in cellular
and rodent models of stroke and Parkinsonism. Proceedings of the National Academy of Sciences of the
United States of America 106, 1285-1290.

Aviles-Olmos I, Dickson J, Kefalopoulou Z, Djamshidian A, Ell P, Soderlund T, Whitton P, Wyse R, Isaacs T,
Lees A (2013) Exenatide and the treatment of patients with Parkinson&#x2019;s disease. Journal of
Clinical Investigation 123, 2730.

Iciar AO, John D, Zinovia K, Atbin D, Joshua K, Peter E, Peter W, Richard W, Tom I, Andrew L (2014) Motor
and cognitive advantages persist 12 months after exenatide exposure in Parkinson's disease. Journal of
Parkinsons Disease 4, 337-344.

Athauda D, Maclagan K, Skene SS, Bajwajoseph M, Letchford D, Chowdhury K, Hibbert S, Budnik N,
Zampedri L, Dickson J (2017) Exenatide once weekly versus placebo in Parkinson's disease: a randomised,
double-blind, placebo-controlled trial. Lancet 6736, 31585-4..

Kolterman OG, Kim DD, Shen L, Ruggles JA, Nielsen LL, Fineman MS, Baron AD (2005) Pharmacokinetics,
pharmacodynamics, and safety of exenatide in patients with type 2 diabetes mellitus. Am J Health Syst
Pharm. 62, 173-181.

Buse JB, Rosenstock J, Sesti G, Schmidt WE, Montanya E, Brett JH, Zychma M, Blonde L (2009) Liraglutide
once a day versus exenatide twice a day for type 2 diabetes: a 26-week randomised, parallel-group,
multinational, open-label trial (LEAD-6). Lancet 374, 39-47.

Holst JJ (2004) Treatment of type 2 diabetes mellitus with agonists of the GLP-1 receptor or DPP-IV
inhibitors. Expert Opinion on Emerging Drugs 9, 155.

Tan T, Bloom S (2013) Gut hormones as therapeutic agents in treatment of diabetes and obesity. Current
Opinion in Pharmacology 13, 996-1001.

Nauck M, Frid A, Hermansen K, Shah NS, Tankova T, Mitha IH, Zdravkovic M, During M, Matthews DR
(2009) Efficacy and safety comparison of liraglutide, glimepiride, and placebo, all in combination with
metformin, in type 2 diabetes: the LEAD (liraglutide effect and action in diabetes)-2 study. Diabetes Care
32, 84-90.

Mcclean PL, Parthsarathy V, Faivre E, Holscher C (2011) The diabetes drug liraglutide prevents
degenerative processes in a mouse model of Alzheimer's disease. Journal of Neuroscience the Official
Journal of the Society for Neuroscience 31, 6587.

Liu W, Jalewa J, Sharma M, Li G, Li L, Holscher C (2015) Neuroprotective effects of lixisenatide and
liraglutide in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson’s disease.
Neuroscience 303, 42.

Lau J, Bloch P, Schaffer L, Pettersson |, Spetzler J, Kofoed J, Madsen K, Knudsen LB, McGuire J,
Steensgaard DB, Strauss HM, Gram DX, Knudsen SM, Nielsen FS, Thygesen P, Reedtz-Runge S, Kruse T
(2015) Discovery of the Once-Weekly Glucagon-Like Peptide-1 (GLP-1) Analogue Semaglutide. J Med
Chem 58, 7370-7380.

Dhillon S (2018) Semaglutide: First Global Approval. Drugs 78, 275-284.

19



semaglutide is neuroprotective

(34]

(35]

(36]
(37]

(38]

(39]

(40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

Hedrington MS, Tsiskarishvili A, Davis SN (2018) Subcutaneous semaglutide (NN9535) for the treatment
of type 2 diabetes. Expert Opin Biol Ther 18, 343-351.

ZhangL, ZhangL, Li L, Holscher C (2018) Neuroprotective effects of the novel GLP-1 long acting analogue
semaglutide in the MPTP Parkinson's disease mouse model. Neuropeptides 71, 70-80.

Paxinos G, Franklin K (2012) The Mouse Brain in Stereotaxic Coordinates, Elevier.

Michel P, Hirsch E, Hunot S (2016) Understanding Dopaminergic Cell Death Pathways in Parkinson
Disease. Neuron 90, 675-691.

| J Kopin a, Markey SP (1988) MPTP toxicity: implications for research in Parkinson's disease. Annual
Review of Neuroscience 11, 81.

Nakamura S, Vincent SR (1986) Histochemistry of MPTP oxidation in the rat brain: Sites of synthesis of
the parkinsonism-inducing toxin MPP +. Neuroscience Letters 65, 321-325.

Glover V, Gibb C, Sandler M (1986) The role of MAO in MPTP toxicity--a review. J Neural Transm Suppl!
20, 65-76.

Gerlach M, Riederer P, Przuntek H, Youdim MB (1991) MPTP mechanisms of neurotoxicity and their
implications for Parkinson's disease. Eur J Pharmacol 208, 273-286.

Nakamura S, Vincent SR (1986) Histochemistry of MPTP oxidation in the rat brain: sites of synthesis of
the parkinsonism-inducing toxin MPP+. Neurosci Lett 65, 321-325.

Kinemuchi H, Fowler CJ, Tipton KF (1987) The neurotoxicity of 1-methyl-4-phenyl-1,2,3,6,-
tetrahydropyridine (mptp) and its relevance to parkinson's disease. Neurochemistry International 11,
359-373.

Smith TS, Jr BJ (1997) Mitochondrial toxins in models of neurodegenerative diseases. I: In vivo brain
hydroxyl radical production during systemic MPTP treatment or following microdialysis infusion of
methylpyridinium or azide ions. Brain Research 765, 183-188.

Langston JW, Ballard P, Tetrud JW, Irwin | (1983) Chronic Parkinsonism in humans due to a product of
meperidine-analog synthesis. Science 219, 979-980.

Feng P, Zhang X, Li D, C. J, Yuan Z, Wang R, Xue GF, Li G, Holscher C (2018) Two novel dual GLP-1/GIP
receptor agonists are neuroprotective in the MPTP mouse model of Parkinson’s disease.
Neuropharmacology 133, 385-394.

Hunter K, Holscher C (2012) Drugs developed to treat diabetes, liraglutide and lixisenatide, cross the
blood brain barrier and enhance neurogenesis. BMC Neurosci 13, 33-38.

Kastin AJ, Akerstrom V, Pan W (2002) Interactions of glucagon-like peptide-1 (GLP-1) with the blood-
brain barrier. J/ Mol Neurosci 18, 7-14.

During MJ, Cao L, Zuzga DS, Francis JS, Fitzsimons HL, Jiao X, Bland RJ, Klugmann M, Banks WA, Drucker
DJ, Haile CN (2003) Glucagon-like peptide-1 receptor is involved in learning and neuroprotection. Nat
Med 9, 1173-1179.

Haavik J, Toska K (1998) Tyrosine hydroxylase and Parkinson's disease. Molecular Neurobiology 16, 285-
3009.

Fitzpatrick PF (1999) Tetrahydropterin-dependent amino acid hydroxylases [Review]. Annual Review of
Biochemistry 68, 355.

Ferrari CC, Tarelli R (2011) Parkinson's Disease and Systemic Inflammation. Parkinson's
Disease,2011,(2011-01-11) 2011, 436813.

Clark 1A, Vissel B (2014) Inflammation-sleep interface in brain disease: TNF, insulin, orexin. J
Neuroinflammation 11, 51.

Kim BW, Jeong KH, Kim JH, Jin M, Kim JH, Lee MG, Choi DK, Won SY, Mclean C, Jeon MT (2016) Pathogenic

20



semaglutide is neuroprotective

(55]

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]

(66]

(67]

(68]

(69]

(70]

(71]

[72]

Upregulation of Glial Lipocalin-2 in the Parkinsonian Dopaminergic System. Journal of Neuroscience 36,
5608-5622.

Kopin 1J, Markey SP (1988) MPTP toxicity: implications for research in Parkinson's disease. Annu Rev
Neurosci 11, 81-96.

lannaccone S, Cerami C, Alessio M, Garibotto V, Panzacchi A, Olivieri S, Gelsomino G, Moresco RM,
Perani D (2013) Invivo microglia activation in very early dementia with Lewy bodies, comparison with
Parkinson's disease. Parkinsonism & Related Disorders 19, 47-52.

Dzamko N, Geczy CL, Halliday GM (2015) Inflammation is genetically implicated in Parkinson’s disease.
Neuroscience 302, 89-102.

Henchcliffe C, Beal MF (2008) Mitochondrial biology and oxidative stress in Parkinson disease
pathogenesis. Nat Clin Pract Neurol 4, 600-609.

Andersen JK (2004) Oxidative stress in neurodegeneration: cause or consequence? Nature Medicine 10
Suppl, S18.

Halliwell B (2006) Oxidative stress and neurodegeneration: where are we now? Journal of
Neurochemistry 97, 1634-1658.

Ramalingam M, Kim SJ (2012) Reactive oxygen/nitrogen species and their functional correlations in
neurodegenerative diseases. Journal of Neural Transmission 119, 891-910.

Prediger RD, Jr AA, Moreira EL, Matheus FC, Castro AA, Walz R, De Bem AF, Latini A, Tasca Cl, Farina M
(2011) The intranasal administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP): a new
rodent model to test palliative and neuroprotective agents for Parkinson's disease. Curr Pharm Des 17,
489-507.

Li Y, Liu W, Li L, Holscher C (2017) D-Ala2-GIP-glu-PAL is neuroprotective in a chronic Parkinson's disease
mouse model and increases BNDF expression while reducing neuroinflammation and lipid peroxidation.
Eur J Pharmacol 797, 162-172.

Cuervo AM, Stefanis L, Fredenburg R, Lansbury PT, Sulzer D (2004) Impaired Degradation of Mutant a-
Synuclein by Chaperone-Mediated Autophagy. Science 305, 1292-1295.

Lashuel HA, Overk CR, Oueslati A, Masliah E (2013) The many faces of alpha-synuclein: from structure
and toxicity to therapeutic target. Nat Rev Neurosci 14, 38-48.

Volpicellidaley LA, Luk KC, Patel TP, Tanik SA, Riddle DM, Stieber A, Meaney DF, Trojanowski JQ, Lee VM
(2011) Exogenous a-synuclein fibrils induce Lewy body pathology leading to synaptic dysfunction and
neuron death. Neuron 72, 57-71.

Luk KC, Kehm V, Carroll J, Zhang B, O'Brien P, Trojanowski JQ, Lee VM (2012) Pathological a-synuclein
transmission initiates Parkinson-like neurodegeneration in nontransgenic mice. Science 338, 949-953.
Luk KC, Kehm VM, Zhang B, O’Brien P, Trojanowski JQ, Lee VMY (2012) Intracerebral inoculation of
pathological a-synuclein initiates a rapidly progressive neurodegenerative a-synucleinopathy in mice.
Journal of Experimental Medicine 209, 975-986.

Tokuda T, Qureshi MM, Ardah MT, Varghese S, Shehab SA, Kasai T, Ishigami N, Tamaoka A, Nakagawa M,
El-Agnaf OM (2010) Detection of elevated levels of alpha-synuclein oligomers in CSF from patients with
Parkinson disease. Neurology 75, 1766-1772.

Perier C, Bové J, Vila M (2012) Mitochondria and programmed cell death in Parkinson's disease:
apoptosis and beyond. Antioxidants & Redox Signaling 16, 883-895.

Czabotar PE, Lessene G, Strasser A, Adams JM (2014) Control of apoptosis by the BCL-2 protein family:
implications for physiology and therapy. Nat Rev Mol Cell Biol 15, 49-63.

Oltvai ZN, Milliman CL, Korsmeyer SJ (1993) Bcl-2 heterodimerizes in vivo with a conserved homolog,

21



semaglutide is neuroprotective

(73]

(74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

Bax, that accelerates programmed cell death. Cell 74, 609-619.

Youle RJ, Narendra DP (2011) Mechanisms of mitophagy. Nat Rev Mol Cell Biol 12, 9-14.

Green DR, Llambi F (2015) Cell Death Signaling. Cold Spring Harbor Perspectives in Biology 7, a006080.
Ebrahimi-Fakhari D, Mclean PJ, Unni VK (2012) Alpha-synucleina@™s degradation in vivo. Autophagy 8,
281-283.

Kim DK, Lim HS, Kawasaki I, Shim YH, Vaikath NN, El-Agnaf OM, Lee HJ, Lee SJ (2016) Anti-aging
treatments slow propagation of synucleinopathy by restoring lysosomal function. Autophagy 12, 1849-
1863.

Chen L, Xie Z, Turkson S, Zhuang X (2015) A53T Human a-Synuclein Overexpression in Transgenic Mice
Induces Pervasive Mitochondria Macroautophagy Defects Preceding Dopamine Neuron Degeneration.
Journal of Neuroscience 35, 890-905.

Ghavami S, Shojaei S, Yeganeh B, Ande SR, Jangamreddy JR, Mehrpour M, Christoffersson J, Chaabane
W, Moghadam AR, Kashani HH (2014) Autophagy and apoptosis dysfunction in neurodegenerative
disorders. Progress in Neurobiology 112, 24-49.

Venderova K, Park DS (2012) Programmed cell death in Parkinson's disease. Cold Spring Harb Perspect
Med 2, 591-605.

Ghosh AK, Mau T, O'Brien M, Garg S, Yung R (2016) Impaired autophagy activity is linked to elevated ER-
stress and inflammation in aging adipose tissue. Aging (Albany NY) 8, 2525-2537.

Komatsu M, Kurokawa H, Waguri S, Taguchi K, Kobayashi A, Ichimura Y, Sou YS, Ueno I, Sakamoto A,
Tong KI, Kim M, Nishito Y, lemura S, Natsume T, Ueno T, Kominami E, Motohashi H, Tanaka K, Yamamoto
M (2010) The selective autophagy substrate p62 activates the stress responsive transcription factor Nrf2
through inactivation of Keapl. Nat Cell Biol 12, 213-223.

Panagaki T, Michael M, Holscher C (2017) Liraglutide restores chronic ER stress, autophagy impairments
and apoptotic signalling in SH-SY5Y cells. Scientific Reports 7, 16158.

Granholm AC, Reyland M, Albeck D, Sanders L, Gerhardt G, Hoernig G, Shen L, Westphal H, Hoffer B
(2000) Glial cell line-derived neurotrophic factor is essential for postnatal survival of midbrain dopamine
neurons. J Neurosci 20, 3182-3190.

Pascual A, Hidalgo-Figueroa M, Piruat JI, Pintado CO, Gomez-Diaz R, Lopez-Barneo J (2008) Absolute
requirement of GDNF for adult catecholaminergic neuron survival. Nat Neurosci 11, 755-761.

Lin LF, Doherty DH, Lile JD, Bektesh S, Collins F (1993) GDNF: a glial cell line-derived neurotrophic factor
for midbrain dopaminergic neurons. Science 260, 1130-1132.

Kordower JH, Emborg ME, Bloch J, Ma SY, Chu Y, Leventhal L, Mcbride J, Chen EY, Palfi S, Roitberg BZ
(2000) Neurodegeneration prevented by lentiviral vector delivery of GDNF in primate models of
Parkinson's disease. Science 290, 767-773.

Su X, Kells AP, Huang EJ, Lee HS, Hadaczek P, Beyer J, Bringas J, Pivirotto P, Penticuff J, Eberling J (2009)
Safety evaluation of AAV2-GDNF gene transfer into the dopaminergic nigrostriatal pathway in aged and
parkinsonian rhesus monkeys. Human Gene Therapy 20, 1627-1640.

Kordower JH, Emborg ME, Bloch J, Ma SY, Chu Y, Leventhal L, McBride J, Chen EY, Palfi S, Roitberg BZ,
Brown WD, Holden JE, Pyzalski R, Taylor MD, Carvey P, Ling Z, Trono D, Hantraye P, Deglon N, Aebischer
P (2000) Neurodegeneration prevented by lentiviral vector delivery of GDNF in primate models of
Parkinson's disease. Science 290, 767-773.

Kordower JH, Herzog CD, Dass B, Bakay RA, Stansell J, 3rd, Gasmi M, Bartus RT (2006) Delivery of
neurturin by AAV2 (CERE-120)-mediated gene transfer provides structural and functional
neuroprotection and neurorestoration in MPTP-treated monkeys. Ann Neurol 60, 706-715.

22



semaglutide is neuroprotective

[90] Jalewa J, Sharma M, Gengler S, Holscher C (2017) A novel GLP-1/GIP dual receptor agonist protects from
6-OHDA lesion in a rat model of Parkinson’s disease. Neuropharmacology 117, 238-248.
[91] Yuan Z, Li D, Feng P, Xue G, Ji C, Li G, Holscher C (2017) A novel GLP-1/GIP dual agonist is more effective

than liraglutide in reducing inflammation and enhancing GDNF release in the MPTP mouse model of
Parkinson's disease. Eur J Pharmacol 812, 82-90.

23



semaglutide is neuroprotective

A Open Field Test B Rotarod Test
p— 200 i e
S CONTROL
— s £33 NS+LIRAGLUTIDE
E 4000 § 3 NS+SEMAGLUTIDE
3 3 & MPTP
; 2 MPTP+LIRAGLUTIDE
20004 E MPTP+SEMAGLUTIDE
o..

C

e Foot Print Test CONTROL

Z 200, 15+ E=3 NS+LIRAGLUTIDE
= o &8 T £3 NS+SEMAGLUTIDE
2 . we 5

& 150- > " D MPTP

] T 1.0- MPTP+LIRAGLUTIDE
§ 1004 ‘5 o MPTP+SEMAGLUTIDE
3 § &

€ 5 05 i

E 50 >

-~ | o

£ 2

= n

é 0 0.0

Fig. 1A. GLP-1 analogues protect from the MPTP-induced impairments in motor activity of
mice. A difference was found between the control group and MPTP group. Furthermore, a
difference was found between MPTP+ liraglutide and MPTP+semaglutide and the MPTP
group. NS= normal saline. The values represent the means+S.E.M. ***=p<(0.001 compared
with the control group. #=p<0.01, ###=p<0.001 compared with the MPTP group. n=12.

Fig. 1B. GLP-1 analogues improve the bradykinesia and imbalance of mice induced by
MPTP. A difference was found between the control group and MPTP group. Furthermore, a
difference was found between MPTP + liraglutide and MPTP+semaglutide and MPTP group.
NS= normal saline. The values represent the means+S.E.M. ***=p<(0.001 compared with the
control group. ###=p<0.001 compared with the MPTP group. &&=p<0.01 compared with
MPTP-+liraglutide group. n=12.

Fig. 1C. GLP-1 analogues improve the muscle strength weakening of mice induced by MPTP.
A difference was found between the control group and MPTP group. Furthermore, a difference
was found between MPTP + liraglutide and MPTP+semaglutide and MPTP group. NS= normal
saline. The values represent the means+=S.E.M. ***=p<(.001 compared with the control group.
###=p<0.001 compared with the MPTP group. &=p<0.05 compared with MPTP+liraglutide
group. n=12.

Fig. 1D. GLP-1 analogues improve the abnormal posture and gait of mice induced by MPTP.
A difference was found between the control group and MPTP group. Furthermore, a
difference was found between MPTP+ liraglutide and MPTP+semaglutide and MPTP group.
NS=normal saline. The values represent the means+S.E.M. ***=p<(0.001 compared with the
control group. ###=p<0.001 compared with the MPTP group. &=p<0.05 compared with
MPTP-+liraglutide group. n=12.
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Fig. 2. GLP-1 analogues restored tyrosine hydroxylase (TH) positive dopaminergic neuron
numbers in the substantia nigra. NS= normal saline. The values represent the means+S.E.M.
**#%=p<(0.001 compared with the control group. ##=p<0.01, ###=p<0.001 compared with the
MPTP group. &=p<0.05 compared with MPTP+liraglutide group. n=6. Examples of
micrographs are given. A: CONTROL; B: NS+LIRAGLUTIDE; C: NS+SEMAGLUTIDE;
D: MPTP; E: MPTP+LIRAGLUTIDE; F: MPTP+SEMAGLUTIDE. Scale bar in image D:
100 pm.
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Fig. 3A: GLP-1 analogues reduced the astrocyte activation in the striatum of mice induced by
MPTP. NS= normal saline. The values represent the means+=S.E.M. ***=p<(0.001 compared
with the control group. ##=p<0.001 compared with the MPTP group. &&&=p<0.001
compared with MPTP+liraglutide group. n=6. Examples of micrographs are given. A:
CONTROL; B: NS+LIRAGLUTIDE; C: NS+SEMAGLUTIDE; D: MPTP; E:
MPTP+LIRAGLUTIDE; F:-MPTP+SEMAGLUTIDE. Scale bar in image D: 25 um.

Fig. 3B: GLP-1 analogues reduced the microglia activation in the striatum of mice induced
by MPTP. NS= normal saline. The values represent the means+S.E.M. ***=p<0.001
compared with the control group. ###=p<0.001 compared with the MPTP group.
&&&=p<0.001 compared with MPTP+liraglutide group. n=6. Examples of micrographs are
given. A: CONTROL; B: NS+LIRAGLUTIDE; C: NS+SEMAGLUTIDE; D: MPTP; E:
MPTP+LIRAGLUTIDE; F:-MPTP+SEMAGLUTIDE. Scale bar in image D: 25 um.
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Fig.4. GLP-1 analogues reduced the oxidative stress 4-Hydroxynonenal expression in the
striatum of mice induced by MPTP. NS= normal saline. The values represent the
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means+S.E.M. ***=p<0.001 compared with the control group. ##=p<0.001 compared with
the MPTP group. &&&=p<0.001 compared with MPTP+liraglutide group. n=6. Examples of

micrographs are given. A: CONTROL; B: NS+LIRAGLUTIDE; C: NS+SEMAGLUTIDE;
D: MPTP; E: MPTP+LIRAGLUTIDE; F: MPTP+SEMAGLUTIDE. Scale bar in image D:

25 pm.
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Fig. 5. GLP-1 analogues reduced the accumulation of a-Syn in the substantia nigra of mice
induced by MPTP. NS=normal saline. The values represent the means + S.E.M. ***=P <(.001

compared with the control group. ###=P < 0.001compared with the MPTP group. &&=P<0.01
compared with the MPTP+LIRAGLUTIDE group; n=4 per group.
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Fig. 6. GLP-1 analogues reversed the increase of ratio of mitophagy markers Bax/Bcl-2 in the
substantia nigra of mice induced by MPTP. NS= normal saline. The values represent the

means = S.E.M. ***=P < (0.001 compared with the control group. ###=P < 0.001 compared

with the MPTP group. &&&=P<0.001 compared with the MPTP+LIRAGLUTIDE group;

n=4 per group.
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Fig. 7. GLP-1 analogues reverse the decrease of autophagy-associated markers. NS= normal
saline. A: Beclinl, B: ATG7, C: LC3 and D: P62 expression and even upregulated autophagy
in the substantia nigra of mice reduced by MPTP. E: sample western blot scans are shown.

The values represent the means +£ S.E.M. ***P <(
###P < 0.001compared with the MPTP group. &&
the MPTP+LIRAGLUTIDE group; n=4 per group.

.001 compared with the control group.
P<0.01 and &&&P<0.001 compared with
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GDNF Expression in SN
150+

CONTROL 2
3 NSHURAGLUTIE GDNF(24kDe)

c

O~

29 100 £ NS+SEMAGLUTIDE

5% o MPTP

Qo . .

&2 MPTP+LIRAGLUTIDE B-actin(42kDa) e S S S —

L2 so MPTP+SEMAGLUTIDE

o<

° MPTP - - -+ o+ %

Liraglutide - + - - + _

Semaglutide - - + - - +

Fig. 8. GLP-1 analogues reverse the decrease of GDNF expression in the substantia nigra of
mice reduced by MPTP. NS= normal saline. The values represent the means + S.E.M. ***=P
< 0.001 compared with the control group. #=P < 0.01 and ###=P < 0.001compared with the
MPTP group. &&&=P<0.001 compared with the MPTP+LIRAGLUTIDE group; n=4 per

group.
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