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Parkinson’s disease (PD) is a complex syndrome with many elements, such as chronic inflammation, oxidative stress, mito-
chondrial dysfunction, loss of dopaminergic neurons, build-up of alpha-synuclein (a-syn) in cells, and energy depletion in
neurons, that drive the disease. We and others have shown that treatment with mimetics of the growth factor glucagon-like
peptide 1 (GLP-1) can normalize energy utilization, neuronal survival, and dopamine levels and reduce inflammation. Liraglutide
is a GLP-1 analogue that recently showed protective effects in phase 2 clinical trials in PD patients and in Alzheimer disease
patients. We have developed a novel dual GLP-1/GIP receptor agonist that can cross the blood-brain barrier and showed good
protective effects in animal models of PD. Here, we test liraglutide against the dual GLP-1/GIP agonist DA5-CH (KP405) in the
A53T tg mouse model of PD which expresses a human-mutated gene of a-synuclein. Drug treatment reduced impairments in
three different motor tests, reduced levels of a-syn in the substantia nigra, reduced the inflammation response and proin-
flammatory cytokine levels in the substantia nigra and striatum, and normalized biomarker levels of autophagy and mitochondrial
activities in A53T mice. DA5-CH was superior in almost all parameters measured and therefore may be a better drug treatment for

PD than liraglutide.

1. Introduction

Parkinson’s disease (PD) is a chronic neurodegenerative
disorder that is clinically identified by typical motor
symptoms (rigor, tremor, and akinesis) and characterized by
progressive dopaminergic neuronal loss in the substantia
nigra pars compacta (SNpc), which leads to loss of striatal
dopaminergic synaptic transmission [1, 2]. A key patho-
logical feature is the aggregation of the peptide alpha-
synuclein (a-syn) and the development of chronic in-
flammation in the CNS that leads to the release of proin-
flammatory cytokines and neurodegeneration [3-5]. This
can lead to impairment of growth factor signalling, mito-
chondrial dysfunction, and insulin desensitization [6-9].
Glucagon-like peptide 1 (GLP-1) is a peptide hormone that
can resensitize insulin signalling, and GLP-1 mimetics are

widely used in treating type 2 diabetes [10-12]. GLP-1 re-
ceptor agonists have shown good effects in animal models of
PD [13]. Importantly, the GLP-1 receptor agonist exendin-4
(Exenatide, Byetta, Bydureon) has shown impressive pro-
tective effects in a phase II trial in PD patients by halting
disease progression [14, 15] and resensitized insulin sig-
nalling in the brain [16]. Liraglutide is a long-lasting GLP-1
analogue and is available in the market to treat type 2 di-
abetes [17]. It previously showed good neuroprotective ef-
fects in animal models of PD [18-20]. In a phase II clinical
trial in PD patients, liraglutide showed clear improvements.
Disease progression was much reduced and motor con-
trolled, and the quality of life assessment was improved [21].
Glucose-dependent insulinotropic polypeptide (GIP) is
a peptide hormone from the same family as GLP-1 [22]. GIP
receptor agonists have shown good protective effects in
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animal models of PD [23, 24]. GIP acts in synergy with GLP-
1, and dual GLP-1/GIP receptors have been developed that
show good effects in animal models of PD [13, 25, 26]. We
have developed dual agonists that have been modified to
cross the blood-brain barrier (BBB) at an enhanced rate.
These dual agonists have shown superior neuroprotective
effects in animal models of PD [13, 26-30]. BBB penetration
is essential for a drug to be effective in treating PD. A recent
phase II trial that tested a PEGylated version of exendin-4 in
PD did not show any effects [31]. The drug called NLY01
does not cross the BBB readily and therefore shows only
limited effects in the clinic [32]. a-Synuclein is a peptide that
is a biomarker for PD and is seen as one of the drivers of the
disease [33-35]. Mutations of the human «-synuclein gene
can lead to early onset PD [36, 37]. A standard animal model
for PD is the A53T-mutated human a-synuclein gene ex-
pression model [38, 39]. This mouse model expresses the
human A53T-mutated a-synuclein gene and is a standard
animal model of synucleinopathy in the brain. We, there-
fore, tested the novel dual GLP-1/GIP receptor agonist DA5-
CH that previously showed good effects in the MPTP mouse
model and the 6-OHDA rat model of PD [29, 32, 40] in the
transgenic A53T mouse model of PD and compared the
effects with those of liraglutide.

2. Materials and Methods

2.1. Peptides and Chemicals. The peptides DA5 and lir-
aglutide were synthetized by ChinaPeptides Co., Ltd.
(Shanghai, China) with 95% purity. The sequence of DA5 is
YXEGTFTSDYSIYLDKQAAXEFVNWLLAGGPSSGAPPP
SKRRQRRKKRGY-NH2 (X =aminoisobutyric acid). The
purity of the peptide was analyzed by reversed-phase high
HPLC and characterized using matrix-assisted laser de-
sorption/ionisation time of flight (MALDI-TOF) mass
spectrometry.

2.2. Animals. We used A53T transgenic mice (Jackson
Laboratories, USA). Animals were kept in SPF conditions,
and the cage temperature was maintained at 20-24°C, with
relative humidity 45%-60% and 12h light/12h dark cycle.
All the animals had feed and water ad-lib. Mouse DNA was
extracted and genotyped using the K9053 kit (Nantome
Biotech Co. Ltd.,), see Jackson Lab website protocol for
details (https://www.jax.org/strain/004479). Homozygous
mice were selected and mated [38]. The Animal Care and
Use Committee of Henan University of Chinese Medicine
(no: DWLL201903076) approved all procedures.

Both male and female A53T transgenic homozygous
mice were used in this study and divided into three groups of
12 mice each. Animals were at 13-14 months of age, and age-
, sex-, and A53T genotype-matched negative littermates were
used as a control group. The N control group included A53T
(-) mice and intraperitoneal injection of saline; the A53T
group included A53T (+) mice, and saline administration;
the CCK group included A53T (+) mice and intraperitoneal
injection of DA5-CH; the Lira group included A53T (+)
mice and intraperitoneal injection of liraglutide. DA5 was
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injected daily intraperitoneally at 25 nmol/kg or with lir-
aglutide injection at 50 nmol/kg. All drugs and saline were
administered for 14 consecutive days, injecting once daily,
see Figure 1 for details.

2.3. Behavioral Tests

2.3.1. Rotarod Test. The mice were familiarized with the
apparatus (RWD Life Technology, Shenzhen, China) daily
for 3 days before the test and trained for 3 minutes daily with
a speed at 20 rpm. In the testing condition, the speed was set
to 20 for 20seconds and then accelerated to 30 for
30seconds. The latency to fall off the rotating rod was
recorded. Mice were tested 6 times.

2.3.2. Open Field Test. To assess the motor activity and
spontaneous exploratory activity of PD mice, open field tests
were conducted. The open field consisted of a square arena
(45 x 45 cm) with 25cm high opaque walls. The floor was
divided into 9 equal squares. The central square was defined
as the central square (15 x15cm). Mice were placed in the
center of the apparatus. The number of line crossings and
rearing was recorded after 5min (Smart 3.0, RWD Life
Technology, Shenzhen, China), see [41-43] for details. The
apparatus was cleaned with 75% alcohol and dried between
trials. The experiment was repeated 3 times for each animal.

2.3.3. Pole Test. The pole test can measure the degree of
bradykinesia and ability to balance the movement of ani-
mals. Mice were placed head up near the top of a wooden
pole (2.5cm in diameter and 55 cm in height). The latency
until mice turned completely downward was recorded
(defined as turn time, T-turn), and the time taken to reach
the floor (locomotor activity time, T-LA) was recorded.
Every mouse was tested 3 times.

2.4. Western Blot. Mice were sacrificed after anesthetization
with 20% urethane. The brains were removed rapidly, and
the substantia nigra (SN) and striatum areas were cut into
Imm coronal cross sections using a vibratome (Leica
Microsystems, Wetzlar, Germany), using a brain atlas [44].
The tissue was cryopreserved at —80°C for storage. High
efficiency RIPA cracking fluid (R0010, Solarbio, Beijing,
China) was added to protease inhibitors and phosphatase
inhibitors (P1269, Solarbio, Beijing, China) for tissue lysis.
Then, 150 ul lysate was added to every 10 mg tissue. After
30 min, tissue samples were centrifuged at 14,000 rpm for
10 min at 4°C. The protein concentration was quantified by
the BCA protein assay (PC0020, Solarbio, Beijing, China).
Loading buffer was added to tissue lysates and boiled for
10 min. Equivalent amounts of protein were separated on
10% SDS-polyacrylamide gel and transferred to poly-
vinylidene difluoride membranes that were blocked with 5%
nonfat milk in TBST and then incubated overnight at 4°C
with the primary antibody S-actin (1 : 2000), Mfn2 (1 :1000),
OPAL (1:1000), Drpl (1:1000), Nrf2 (1:1000), (pSer129,
SPC-742S, Canada), TNF-a (Abcam, ab1793), and HO-1 (1:
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FIGURE 1: Study design of the test of DA5-CH with liraglutide as a comparator. Both drugs were tested at 25 nmol/kg and 50 nmol/kg bw ip.

once daily. Control mice received normal saline (NS).

1000). This was followed by incubation for 2h at room
temperature with goat anti-rabbit IgG HRP (1:5000) and
goat anti-mouse IgG HRP (1:5000). The bands were visu-
alized by ECL-enhanced chemiluminescence (Beyotime
Institute of Biotechnology, Shanghai, China) according to
the manufacturer’s instructions. Western blot gels were
analyzed with a chemiluminescence imaging system
(Thermo Fisher Scientific Inc., Massachusetts, USA) and
quantified using Image] v1.51 (National Institutes of Health,
Bethesda, MD, USA).

2.5. Transmission Electron Microscopy (TEM). Mice were
randomly taken from each group. Brain tissues were taken
after rapid decapitation after isoflurane anesthesia, fixed in
2.5% glutaraldehyde solution and rinsed, and then placed
in 1% osmic acid for fixation. This was followed by alcohol
and acetone gradient dehydration, embedding, and im-
mersion polymerization. Ultrathin sectioning was done on
a microtome (Leica EM UC7) into 70 nm thick sections and
stained with uranyl acetate-lead citrate. The ultrastructure
of sections was imaged on a TEM (JEM-1400; JEOL Ltd.,
Tokyo, Japan) at 60 KV. Five neuropils under 30,000-fold
visual fields were photographed, and the average number of
synapses was estimated. The thickness of synaptic cleft and
postsynaptic membranes density (PSD95 thickness) was
evaluated. Data were analyzed by Image] v1.51 software
(National Institutes of Health, Bethesda, Maryland).

2.6. Statistical Analysis. GraphPad Prism 9 software was
used for the statistical analysis. The data were analyzed by
one-way ANOVA and Tukey post hoc tests. Data are shown
as M+ SEM. P <0.05 was considered as significant.

3. Results

3.1. Rotarod Motor Assessment. In the rotarod motor co-
ordination assessment, an overall significance in a one-way
ANOVA was found (P <0.001). In post hoc tests, the A53T
sal group was different from the sal control group (P < 0.01),
and both liraglutide group and DA5-CH group were better
than the A53T sal group (P <0.05), N=12 per group, see
Figure 2.
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FIGURE 2: Testing spontaneous motor activity in the rotarod test.
DA5-CH reduced the motor impairment better than liraglutide.
**P <0.01 compared to the control group; *P < 0.05 and **P < 0.01
compared to the A53T saline-treated group. N=12 per group.

3.2. Pole Test. In the T-turn assessment, an overall signifi-
cance in a one-way ANOVA was found (P <0.001). In post
hoc tests, the A53T sal group was different from the sal
control group (P <0.001), and both liraglutide group and
DA5-CH group were better than the A53T sal group
(P <0.01) and the DA5-CH group was better than the lir-
aglutide group (P <<0.05). In the T-LA evaluation, an
overall significance in a one-way ANOVA was found. In post
hoc tests, the A53T sal group was different from the sal
control group (P <0.01), and the DA5-CH group was better
than the A53T sal group (P <0.05), N=12 per group, see
Figure 3.

3.3. Open Field Test. In the open field assessment, an overall
significance in a one-way ANOVA was found (P < 0.001). In
the number of explorative rearing, the A53T sal group was
different from the sal control group (P <0.01), and the
liraglutide group (P <0.05) and DA5-CH group (P <0.01)
were better than the A53T sal group (P < <0.05). In the time
in central zone anxiety evaluation, an overall significance in
a one-way ANOVA was found. In post hoc tests, the A53T
sal group was different from the sal control group (P < 0.01),
and the DA5-CH group was better than the A53T sal group
(P <0.01), while the liraglutide group was better only at
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F1GURE 3: Testing motor activity and response time in the pole test. DA5-CH reduced the motor impairment better than liraglutide.
***P<0.001 and **P<0.01 compared to the control group; “=P <0.05 and **=P<0.01 compared to the A53T saline-treated group.
Control = wild-type saline-treated animals, A53T = A53T saline-treated mice, DA5 = A53T DA5-treated mice, and liraglutide = A53T lira-

treated mice. N=12 per group.

P <0.05. In the total distance evaluation, an overall signif-
icance in a one-way ANOVA was found. In post hoc tests,
the A53T sal group was different from the sal control group
(P <0.01), and the DA5-CH group and the liraglutide group
were better than the A53T sal group (P <0.05), N=12 per
group, see Figure 4.

3.4. Levels of a-Synuclein in the Substantia Nigra. When
analyzing the levels of a-syn found in the substantia nigra, an
overall significance in a one-way ANOVA was found
(P <0.001). The A53T sal group had higher levels than the sal
control group (P<0.001), and the liraglutide group
(P <0.05) and DA5-CH group (P <0.001) were better than
the A53T sal group. DA5-CH was more effective in lowering
a-syn levels than liraglutide (P <0.05), see Figure 5.

3.5. Levels of Proinflammatory Cytokines in the Substantia
Nigra. When analyzing the levels of proinflammatory cy-
tokines in the substantia nigra, an overall significance in
a one-way ANOVA was found (P < 0.001). TNF-a: the A53T
sal group had higher levels than the sal control group
(P <0.05). The liraglutide group and the DA5-CH group
were both lower than the A53T sal group (P <0.001). IL-1f:
the A53T sal group had higher levels than the sal control
group (P <0.01). The liraglutide group (P <0.01) and the
DA5-CH group (P <0.001) were both lower than the A53T
sal group. DA5-CH was more effective in lowering IL-1£
levels than liraglutide, see Figure 6.

3.6. Levels of Pro- and Anti-Inflammatory Cytokines in the
Striatum. When analyzing the levels of proinflammatory
cytokines in the striatum, an overall significance in a one-
way ANOVA was found (P <0.001). TNF-a: the A53T sal
group had higher levels than the sal control group
(P <0.001). The liraglutide group (P <0.05) was not as ef-
fective as the DA5-CH group (P < 0.001) in lowering levels

compared to the A53T sal group. IL-1f5: the A53T sal group
had higher levels than the sal control group (P <0.05). The
DA5-CH group (P<0.05) was lower than the A53T sal
group, while the liraglutide group showed no difference. The
DA5-CH was more effective in lowering cytokine levels than
liraglutide. IL-10 levels: the A53T sal group had lower levels
than the sal control group (P <0.05). The liraglutide group
and the DA5-CH group were both higher than the A53T sal
group (P <0.001), see Figure 7.

3.7. Levels of Autophagy Biomarkers in the Substantia Nigra.
When analyzing the levels of autophagy-related proteins in
the substantia nigra, an overall significance in a one-way
ANOVA was found (P < 0.001). PINK1 levels: the A53T sal
group had lower levels than the sal control group (P < 0.01).
The liraglutide group and the DA5-CH group were both
lower than the A53T'sal group (P < 0.001). LC3-II/LC3-1: the
A53T sal group had higher levels than the sal control group
(P <0.01). The DA5-CH group (P <0.05) had lower levels
than the A53T sal group. DA5-CH was more effective in
lowering levels than liraglutide. P62: the A53T sal group had
higher levels than the sal control group (P <0.05). The
liraglutide group (P <0.05) had lower levels than the A53T
sal group, see Figure 8.

3.8. TEM Analysis of Mitochondria and Autophagosome
Morphology. The shapes of mitochondria and autophago-
somes were analyzed in TEM images. Changes in mor-
phology that suggest damage have been observed in the
A53T mouse brain tissue compared to wild-type controls
(P <0.0001). Drug treatment normalized these changes, and
DA5-CH treatment showed a difference compared to the
A53T tissue (P < 0.001), while liraglutide showed a difference
of P<0.01 compared to the A53T tissue. There was no
difference between drug group values and wild-type con-
trols, see Figure 9.
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4. Discussion

Type 2 diabetes mellitus (T2DM) is a risk factor for de-
veloping PD [45-49]. Insulin desensitization was found in
the brains of people who had PD, even if they did not have
diabetes [7, 50]. There is an additional association between
insulin resistance and an increased risk of PD dementia,
a more severe PD phenotype [51]. Insulin desensitization is
found in the brains of PD animal models independently of
diabetes, too [52, 53]. Therefore, drugs originally developed
to treat T2DM that reduce insulin resistance have been
tested in animal models of PD and in clinical trials
[8, 13, 26]. Importantly, a phase 2 clinical trial that tested the
GLP-1 receptor agonist exendin-4 (Bydureon) showed
improvements in PD patients (NCT01971242). After
48 weeks of drug treatment, the motor activity was improved
compared to placebo treatment, and the improvement
remained visible 12 weeks later. DAT brain imaging showed

a reduced deterioration of the dopaminergic nigral-striatal
system [14, 54]. When analyzing neuronal exosomes in these
patients, it was found that insulin sensitivity has been im-
proved in the brain by the drug [16]. A second phase 2 trial
testing the GLP-1 analogue liraglutide (Victoza) showed
meaningful improvements in everyday motor activities such
as walking, chewing, talking, and getting out of a chair
compared to placebo treatment. An improvement in the
quality of life score was observed, too [21].

Liraglutide and other GLP-1 receptor agonists have
been developed to treat T2DM and remain in the blood
stream for a long time [12, 55]. Therefore, the ability to
cross the blood-brain barrier (BBB) to get into the brain is
limited [27, 56, 57]. In order to improve target engage-
ment, drugs need to be able to get into the brain. There is
a direct correlation between crossing the BBB and pro-
tecting the CNS [27, 28, 32, 58]. We, therefore, developed
novel drugs that can cross the BBB at an enhanced rate
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[25,32,59]. Exendin-4 can cross the BBB well and showed
good effects in animal models of PD [27, 60] and in the
clinic [14, 61]. In contrast, the company Neuraly de-
veloped a PEGylated version of exendin-4 as a novel
treatment for PD [62], but this version with a 40kDa
PEGylation attached does not readily cross the BBB and

was inferior in a direct comparison with DA5-CH in the
MPTP mouse model of PD [32]. Importantly, it did
not show any improvements in a phase II clinical trial in
PD patients either [31]. DA5-CH in contrast has been
developed to cross the BBB at an enhanced rate
[27, 40, 63].
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Glucose-dependent insulinotropic polypeptide (GIP) is
the sister incretin hormone of GLP-1 [64]. GIP analogues
have similar protective properties as GLP-1 has in animal
models of PD [24, 65, 66]. Our dual GLP-1/GIP receptor
agonist DA5-CH (KP405) has better neuroprotective effects
in the MPTP mouse model of PD when directly compared to
liraglutide [25, 28] and is furthermore more effective than
exendin-4 in the 6-OHDA rat model of PD [63]. Both
exendin-4 (Bydureon) and liraglutide (Victoza) have shown
good protective effects in clinical trials in PD [14, 16, 21]. In
the present study, we show that DA5-CH is superior to
liraglutide in the A53T mouse model of PD, too.

GLP-1 and GIP both act as growth factors in the brain
and improve a range of key pathological developments in the
PD brain. Insulin signalling is reduced, glucose utilization
and energy production are impaired, mitochondrial activ-
ities such as mitophagy and mitogenesis are compromised,
autophagy and the removal of aggregated proteins are
normalized, gene expression of key growth factors such as
BDNF and GDNF is normalized, dopamine synthesis and
synaptic activity are improved, and the chronic in-
flammation response is reduced, see [13, 59, 65, 67] for
details. The mechanism of action is a single process rather
than the sum of all of these improvements. Importantly,
GLP-1 and GIP act synergistically and therefore show en-
hanced protective effects in comparison with a single GLP-1
receptor agonist [68, 69]. Chronic inflammation in the brain
is observed in PD, and it plays a key role in disease pro-
gression [70, 71]. Initial triggers such as toxins can active
microglial cells which release proinflammatory cytokines
and free radicals. This starts a chronic neuroinflammatory
process that can kill vulnerable neuronal populations such as
dopaminergic neurons [5, 72]. Importantly, proin-
flammatory cytokines can induce insulin desensitization and
reduce growth factor synthesis and function [73-76]. Our

study demonstrates that a chronic inflammation response is
present in the brains of A53T mice, and liraglutide and DA5-
CH downregulate TNF-a and IL-1fS levels in the substantia
nigra. This result confirms our previous study findings in the
MPTP mouse model of PD, where chronic inflammation in
the brain was much reduced by liraglutide [19] and DA5-CH
[28, 32, 63]. The reduction of chronic inflammation by these
drugs is driven by activating the GLP-1 receptor on
microglia, which reduces the inflammation as GLP-1 also
acts as an anti-inflammatory cytokine [77, 78]. The re-
duction of TNF-a and IL-1f levels in the brain will con-
tribute to the reversal of insulin desensitization in the brain.
TNF-a can reduce IRS-1 serine phosphorylation, which
blocks the second messenger cascade activated by the insulin
receptor [73, 79]. We showed in previous studies that lir-
aglutide or DA5-CH reduced the tyrosine 312 phosphory-
lation of IRS-1 in the 6-OHDA rat model of PD [29]. This
demonstrates that the drugs can reactivate insulin signalling
which was blocked by the chronic inflammation response.
Other studies have shown similar insulin resensitization
with GLP-1 class drugs [11, 30, 80, 81].

The A53T mouse model expresses a human-mutated
gene and is a standard animal model for a-syn proteinop-
athy [39, 82]. A leading hypothesis is that “misfolding” and
aggregation of a-synuclein, a component of Lewy bodies in
frontotemporal dementia (FTD) patients, are driving PD
progression [83]. The reason why a-syn accumulates and
aggregates in the brain is believed to be overexpression of the
protein and failure to remove the protein by autophagy
[84, 85]. Furthermore, misfolding of a-syn and formation of
oligomers and fibrils have shown to interfere with normal
cellular processes which ultimately lead to neuronal death
[33-35]. The cerebrospinal fluid (CSF) of PD patients can
contain increased levels of a-syn oligomers [86]. However,
other studies could not detect these oligomers in brain
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sections. It was found that while a-syn oligomers can be
neurotoxic, Lewy bodies, the fibrillar form of a-syn, can be
neuroprotective [87]. Clinical trials testing antibodies that
reduce the levels of a-syn in the brain did not show im-
provements in PD patients [88-90]. A potential mechanism
of how a-syn oligomer could induce neurodegeneration in
PD may include the disruption of a variety of cellular
processes, such as mitochondrial impairments, endoplasmic
reticulum stress, synaptic functions, dysfunction of the
autophagy pathway, and activating microglia [91]. Impor-
tantly, both liraglutide and DA5-CH reduced the levels of

a-syn in the substantia nigra. The dual agonist DA5-CH was
more effective. This result confirms a previous result mea-
suring a-syn monomers and oligomers found in the 6-
OHDA rat model of PD [29]. The underlying mechanism for
reducing the levels of a-syn is most likely the normalization
of autophagy, which can remove the protein. We and others
have shown that GLP-1 class drugs can normalize autophagy
and remove proteins such as a-syn or f-amyloid that can
accumulate and aggregate in the brain [92-96], for a detailed
review, see [67]. We were able to show in our study that drug
treatment can normalize levels of proteins that play key roles
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in autophagy, which supports this concept, see Figure 10.
Again, the dual agonist was more effective than liraglutide.
Mitochondrial dysfunction is a key pathological feature
of PD [97-99]. GLP-1 and GIP mimetics can improve
mitochondrial activities in animal models of PD
[20, 24, 92, 100], and DA5-CH improved mitochondrial
activities, too [13, 67]. The present study shows that the
expression levels of key mitochondrial proteins and the
morphology of mitochondria are normalized, too.

As liraglutide has already shown meaningful im-
provements in a phase 2 clinical trial of PD patients [21],
DA5-CH may be more effective than liraglutide. In ad-
dition, we recently finished a phase 2 clinical trial testing
liraglutide in patients with Alzheimer’s disease. Here, the
drug improved the scores in tests of cognition and slowed
down brain shrinkage as shown in MRI scans [101, 102].
Therefore, DA5-CH may be an effective treatment for this
disease, too. A phase 1 clinical trial of DA5-CH (KP405)
has started.

5. Conclusion

This study demonstrates good effects of the dual GLP-1/GIP
receptor agonist DA5-CH (KP405) in the A53T mouse
model of PD. Motor impairments were alleviated, and levels
of a-synuclein and proinflammatory cytokines were much
reduced in the brain, and proteins that play key roles in the
process of autophagy and mitochondrial activity were
brought back to physiological levels. In comparison, lir-
aglutide was not as effective in alleviating these pathological
features.

Data Availability

The data used to support the findings of this study are in-
cluded within the manuscript. Further information is
available from the corresponding authors on request.

Conflicts of Interest

CH is a named inventor on patents that cover the use of
GLP-1/GIP receptor agonists in treating neurodegenerative
disorders. He is the CSO of the company Kariya Pharma-
ceuticals. The other authors declare that they have no
conflicts of interest.

Acknowledgments

This work was supported by the Natural Science Foundation
of China (U1504829), doctoral fund of Henan University of
Chinese Medicine (BSJJ2022-09), Scientific and Techno-
logical Innovation Team Support Program for Colleges and
Universities in Henan Province (21IRTSTHNO026), and Joint
Research Fund of Science and Technology R&D Plan of
Henan Province (222301420068).

References

[1] P. Damier, E. C. Hirsch, Y. Agid, and A. M. Graybiel, “The
substantia nigra of the human brain,” Brain, vol. 122, no. 8,
pp. 1437-1448, 1999.

[2] V.Bagetta, V. Ghiglieri, C. Sgobio, P. Calabresi, and B. Picconi,
“Synaptic dysfunction in Parkinson’s disease,” Biochemical
Society Transactions, vol. 38, no. 2, pp. 493-497, 2010.



10

[3] C. T. Tulisiak, G. Mercado, W. Peelaerts, L. Brundin, and
P. Brundin, “Can infections trigger alpha-synucleino-
pathies?” Prog Mol Biol Transl Sci, vol. 168, pp. 299-322,
2019.

[4] M. G. Tansey and M. S. Goldberg, “Neuroinflammation in
Parkinson’s disease: its role in neuronal death and impli-
cations for therapeutic intervention,” Neurobiology of Dis-
ease, vol. 37, no. 3, pp. 510-518, 2010.

[5] C.C.Ferrariand R. Tarelli, “Parkinson’s disease and systemic
inflammation,” Parkinson’s Disease, vol. 2011, Article ID
436813, 9 pages, 2011.

[6] G. Hu, P. Jousilahti, S. Bidel, R. Antikainen, and
J. Tuomilehto, “Type 2 diabetes and the risk of Parkinson’s
disease,” Diabetes Care, vol. 30, no. 4, pp. 842-847, 2007.

[7] J. L. Y. Cheong, E. de Pablo-Fernandez, T. Foltynie, and

A. J. Noyce, “The association between type 2 diabetes mel-

litus and Parkinson’s disease,” Journal of Parkinson’s Disease,

vol. 10, no. 3, pp. 775-789, 2020.

D. Athauda and T. Foltynie, “Insulin resistance and Par-

kinson’s disease: a new target for disease modification?”

Progress in Neurobiology, vol. 145-146, pp. 98-120, 2016.

[9] H. Chohan, K. Senkevich, R. K. Patel et al., “Type 2 diabetes
as a determinant of Parkinson’s disease risk and progres-
sion,” Movement Disorders, vol. 36, no. 6, pp. 1420-1429,
2021.

[10] M. E. Doyle and J. M. Egan, “Mechanisms of action of
glucagon-like peptide 1 in the pancreas,” Pharmacology ¢
Therapeutics, vol. 113, no. 3, pp. 546-593, 2007.

[11] L. Li, Z. F. Zhang, C. Holscher, C. Gao, Y. H. Jiang, and
Y. Z. Liu, “(Val(8)) glucagon-like peptide-1 prevents tau
hyperphosphorylation, impairment of spatial learning and
ultra-structural cellular damage induced by streptozotocin in
rat brains,” European Journal of Pharmacology, vol. 674,
no. 2-3, pp. 280-286, 2012

[12] T. D. Miiller, B. Finan, S. R. Bloom et al., “Glucagon-like

peptide 1 (GLP-1),” Molecular Metabolism, vol. 30, pp. 72—

130, 2019.

X. Yang, P. Feng, R. Ji, Y. Ren, W. Wei, and C. Holscher,

“Therapeutic application of GLP-1 and GIP receptor agonists

in Parkinson’s disease,” Expert Opinion on Therapeutic

Targets, vol. 26, no. 5, pp. 445-460, 2022.

D. Athauda, K. Maclagan, S. S. Skene et al., “Exenatide once

weekly versus placebo in Parkinson’s disease: a randomised,

double-blind, placebo-controlled trial,” The Lancet, vol. 390,

no. 10103, pp. 1664-1675, 2017.

D. Athauda, K. Maclagan, N. Budnik et al., “Post hoc analysis

of the Exenatide-PD trial-Factors that predict response,”

European Journal of Neuroscience, vol. 49, no. 3, pp. 410-421,

2019.

D. Athauda, S. Gulyani, H. Karnati et al., “Utility of

neuronal-derived exosomes to examine molecular mecha-

nisms that affect motor function in patients with Parkinson
disease: a secondary analysis of the exenatide-PD trial,”

JAMA Neurology, vol. 76, no. 4, pp. 420-429, 2019.

[17] L.B.Knudsen and J. Lau, “The discovery and development of
liraglutide and semaglutide,” Frontiers in Endocrinology,
vol. 10, p. 155, 2019.

[18] G. A. Badawi, M. A. Abd El Fattah, H. F. Zaki, and M. 1. El

Sayed, “Sitagliptin and liraglutide reversed nigrostriatal

degeneration of rodent brain in rotenone-induced Parkin-

son’s disease,” Inflammopharmacology, vol. 25, no. 3,

pp. 369-382, 2017

W. Liu, J. Jalewa, M. Sharma, G. Li, L. Li, and C. Holscher,

“Neuroprotective effects of lixisenatide and liraglutide in the

—
e
=

(13

(14

(15

(16

(19

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

Parkinson’s Disease

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model
of Parkinson’s disease,” Neuroscience, vol. 303, pp. 42-50,
2015.

P. Wu, Y. Dong, J. Chen et al., “Liraglutide regulates mi-
tochondrial quality control system through PGC-la in
a mouse model of Parkinson’s disease,” Neurotoxicity Re-
search, vol. 40, no. 1, pp. 286-297, 2022.

E. Hogg, T. Wu, C. Bresee et al., “A phase II, randomized,
double-blinded, placebo-controlled trial of liraglutide in
Parkinson’s disease,” 2022, https://papers.ssrn.com/sol3/
papers.cfm?abstract_id=4212371.

B. Finan, T. D. Muller, C. Clemmensen, D. Perez-Tilve,
R. D. DiMarchi, and M. H. Tschop, “Reappraisal of GIP
pharmacology for metabolic diseases,” Trends in Molecular
Medicine, vol. 22, no. 5, pp. 359-376, 2016.

Y. Li, W. Liu, L. Li, and C. Holscher, “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,” European
Journal of Pharmacology, vol. 797, pp. 162-172, 2017.

Z. Q. Zhang and C. Holscher, “GIP has neuroprotective
effects in Alzheimer and Parkinson’s disease models,” Pep-
tides, vol. 125, Article ID 170184, 2020.

L. Zhang, L. Zhang, Y. Li et al., “The novel dual GLP-1/GIP
receptor agonist DA-CH5 is superior to single GLP-1 re-
ceptor agonists in the MPTP model of Parkinson’s disease,”
Journal of Parkinson’s Disease, vol. 10, no. 2, pp. 523-542,
2020.

C. Holscher, “Novel dual GLP-1/GIP receptor agonists show
neuroprotective effects in Alzheimer’s and Parkinson’s disease
models,” Neuropharmacology, vol. 136, pp. 251-259, 2018.
T.S. Salameh, E. M. Rhea, K. Talbot, and W. A. Banks, “Brain
uptake pharmacokinetics of incretin receptor agonists
showing promise as Alzheimer’s and Parkinson’s disease
therapeutics,” Biochemical Pharmacology, vol. 180, Article ID
114187, 2020.

P. Feng, X. Zhang, D. Li et al., “Two novel dual GLP-1/GIP
receptor agonists are neuroprotective in the MPTP mouse
model of Parkinson’s disease,” Neuropharmacology, vol. 133,
pp. 385-394, 2018.

L. Zhang, C. Li, Z. Zhang et al., “DA5-CH and semaglutide
protect against neurodegeneration and reduce alpha-
synuclein levels in the 6-OHDA Parkinson’s disease rat
model,” Parkinson’s Disease, vol. 2022, Article ID 1428817,
11 pages, 2022.

L. Shi, Z. Zhang, L. Li, and C. Holscher, “A novel dual GLP-1/
GIP receptor agonist alleviates cognitive decline by re-
sensitizing insulin signaling in the Alzheimer icv. STZ rat
model,” Behavioural Brain Research, vol. 327, pp. 65-74,
2017.

Businesswire, “Press release,” 2023, https://www.business
wire.com/news/home/20230327005069/en/Neuraly-Annou
nces-Topline-Results-from-Phase-20230327005062-Trial-of
-NLY20230327005001-in-Parkinsons-Disease.

M. Lv, G. Xue, H. Cheng et al, “The GLP-1/GIP dual-
receptor agonist DAS5-CH inhibits the NF-xB in-
flammatory pathway in the MPTP mouse model of Par-
kinson’s disease more effectively than the GLP-lsingle-
receptor agonist NLY01,” Brain Behav, vol. 11, no. 8, Arti-
cle ID e2231, 2021.

L. A. Volpicellidaley, K. C. Luk, T. P. Patel et al., “Exogenous
a-synuclein fibrils induce Lewy body pathology leading to
synaptic dysfunction and neuron death,” Neuron, vol. 72,
no. 1, pp. 57-71, 2011.


https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4212371
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4212371
https://www.businesswire.com/news/home/20230327005069/en/Neuraly-Announces-Topline-Results-from-Phase-20230327005062-Trial-of-NLY20230327005001-in-Parkinsons-Disease
https://www.businesswire.com/news/home/20230327005069/en/Neuraly-Announces-Topline-Results-from-Phase-20230327005062-Trial-of-NLY20230327005001-in-Parkinsons-Disease
https://www.businesswire.com/news/home/20230327005069/en/Neuraly-Announces-Topline-Results-from-Phase-20230327005062-Trial-of-NLY20230327005001-in-Parkinsons-Disease
https://www.businesswire.com/news/home/20230327005069/en/Neuraly-Announces-Topline-Results-from-Phase-20230327005062-Trial-of-NLY20230327005001-in-Parkinsons-Disease

Parkinson’s Disease

(34]

(35]

(36]

(39]

(41]

K. C. Luk, V. Kehm, J. Carroll et al, “Pathological
a-synuclein transmission initiates Parkinson-like neuro-
degeneration in nontransgenic mice,” Science, vol. 338,
no. 6109, pp. 949-953, 2012.

K. C. Luk, V. M. Kehm, B. Zhang, P. O’Brien,
J. Q. Trojanowski, and V. M. Y. Lee, “Intracerebral in-
oculation of pathological a-synuclein initiates a rapidly
progressive neurodegenerative a-synucleinopathy in mice,”
Journal of Experimental Medicine, vol. 209, no. 5, pp. 975-
986, 2012.

J. M. Shulman, P. L. De Jager, and M. B. Feany, “Parkinson’s
disease: genetics and pathogenesis,” Annual Review of Pa-
thology: Mechanisms of Disease, vol. 6, no. 1, pp. 193-222,
2011.

O. B. Tysnes and A. Storstein, “Epidemiology of Parkinson’s
disease,” Journal of Neural Transmission, vol. 124, no. 8,
pp. 901-905, 2017.

B. 1. Giasson, J. E. Duda, S. M. Quinn, B. Zhang,
J. Q. Trojanowski, and V. M. Lee, “Neuronal alpha-
synucleinopathy with severe movement disorder in mice
expressing A53T human alpha-synuclein,” Neuron, vol. 34,
no. 4, pp. 521-533, 2002.

K. L. Paumier, S. J. Sukoft Rizzo, Z. Berger et al., “Behavioral
characterization of A53T mice reveals early and late stage
deficits related to Parkinson’s disease,” PLoS One, vol. 8,
Article ID 70274, 2013.

C. Li, W. Liu, X. Li et al., “The novel GLP-1/GIP Analogue
DA5-CH reduces tau phosphorylation and normalizes theta
rhythm in the icv. STZ rat model of AD,” Brain and Behavior,
vol. 10, no. 3, Article ID e01505, 2020.

Z. Zhang, L. Hao, M. Shi et al., “Neuroprotective effects of
a GLP-2 analogue in the MPTP Parkinson’s disease mouse
model,” Journal of Parkinson’s Disease, vol. 11, no. 2,
pp. 529-543, 2021.

Z. Zhang, H. Li, Y. Su et al,, “Neuroprotective effects of
a cholecystokinin analogue in the I1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine ~ Parkinson’s disease mouse
model,” Frontiers in Neuroscience, vol. 16, Article ID 814430,
2022.

J. Sun, J. Xu, B. Yang et al., “Effect of Clostridium butyricum
against microglia-mediated neuroinflammation in alz-
heimer’s disease via regulating gut microbiota and metab-
olites butyrate,” Molecular Nutrition & Food Research,
vol. 64, no. 2, Article ID 1900636, 2020.

G. Paxinos and K. Franklin, The Mouse Brain in Stereotaxic
Coordinates, Elsevier, Amsterdam, Netherlands, 2012.

Y. Sun, Y. H. Chang, H. F. Chen, Y. H. Su, H. F. Su, and
C. Y. Li, “Risk of Parkinson disease onset in patients with
diabetes: a 9-year population-based cohort study with age
and sex stratifications,” Diabetes Care, vol. 35, no. 5,
pp. 1047-1049, 2012.

M. L. Wahlqvist, M. S. Lee, C. C. Hsu, S. Y. Chuang, J. T. Lee,
and H. N. Tsai, “Metformin-inclusive sulfonylurea therapy
reduces the risk of Parkinson’s disease occurring with Type 2
diabetes in a Taiwanese population cohort,” Parkinsonism
and Related Disorders, vol. 18, no. 6, pp. 753-758, 2012.
Q. Xu, Y. Park, X. Huang et al., “Diabetes and risk of
Parkinson’s disease,” Diabetes Care, vol. 34, no. 4, pp. 910—
915, 2011.

J. A. Driver, A. Smith, J. E. Buring, J. M. Gaziano, T. Kurth,
and G. Logroscino, “Prospective cohort study of type 2 di-
abetes and the risk of Parkinson’s disease,” Diabetes Care,
vol. 31, no. 10, pp. 2003-2005, 2008.

(49]

(50]

(51]

(52]

(53]

(54]

(5]

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]

11

F. Bassil, A. Delamarre, M. H. Canron et al., “Impaired brain
insulin signalling in Parkinson’s disease,” Neuropathology
and Applied Neurobiology, vol. 48, no. 1, Article ID 12760,
2022.

T. Foltynie and D. Athauda, “Diabetes, BMI, and Parkin-
son’s,” Movement Disorders, vol. 35, no. 2, pp. 201-203, 2020.
D. Bosco, M. Plastino, D. Cristiano et al., “Dementia is
associated with insulin resistance in patients with Parkin-
son’s disease,” Journal of the Neurological Sciences, vol. 315,
no. 1-2, pp. 39-43, 2012.

J. K. Morris, H. Zhang, A. A. Gupte, G. L. Bombhoff,
J. A. Stanford, and P. C. Geiger, “Measures of striatal insulin
resistance in a 6-hydroxydopamine model of Parkinson’s
disease,” Brain Research, vol. 1240, pp. 185-195, 2008.

J. K. Morris, G. L. Bomhoft, J. A. Stanford, and P. C. Geiger,
“Neurodegeneration in an animal model of Parkinson’s
disease is exacerbated by a high-fat diet,” American Journal of
Physiology-Regulatory, Integrative and Comparative Physi-
ology, vol. 299, no. 4, pp. R1082-R1090, 2010.

D. Athauda, K. Maclagan, N. Budnik et al.,, “What effects
might exenatide have on non-motor symptoms in Parkin-
son’s disease: a post hoc analysis,” Journal of Parkinson’s
Disease, vol. 8, no. 2, pp. 247-258, 2018.

T. Vilsboll, “Liraglutide: a new treatment for type 2 diabetes,”
Drugs of Today, vol. 45, pp. 101-113, 2009.

C. B. G. Salinas, T. T. Lu, S. Gabery et al,, “Integrated brain
atlas for unbiased mapping of nervous system effects fol-
lowing liraglutide treatment,” Scientific Reports, vol. 8, no. 1,
Article ID 10310, 2018.

S. Gabery, C. G. Salinas, S. ]. Paulsen et al., “Semaglutide
lowers body weight in rodents via distributed neural path-
ways,” JCI Insight, vol. 5, no. 6, Article ID e133429, 2020.
M. S. Rafii, T. L. Baumann, R. A. Bakay et al., “A phasel study
of stereotactic gene delivery of AAV2-NGF for Alzheimer’s
disease,” Alzheimer’s and Dementia, vol. 10, no. 5, pp. 571-
581, 2014.

C. Holscher, “Protective properties of GLP-1 and associated
peptide hormones in neurodegenerative disorders,” British
Journal of Pharmacology, vol. 179, no. 4, pp. 695-714, 2022.
Y. Li, T. Perry, M. S. Kindy et al.,, “GLP-1 receptor stimu-
lation preserves primary cortical and dopaminergic neurons
in cellular and rodent models of stroke and Parkinsonism,”
Proceedings of the National Academy of Sciences of the U S A,
vol. 106, no. 4, pp. 1285-1290, 2009.

T. Foltynie and D. Athauda, “Repurposing anti-diabetic
drugs for the treatment of Parkinson’s disease: rationale
and clinical experience,” Progress in Brain Research, vol. 252,
pp. 493-523, 2020.

S.P.Yun, T.I. Kam, N. Panicker et al., “Block of A1 astrocyte
conversion by microglia is neuroprotective in models of
Parkinson’s disease,” Nature Medicine, vol. 24, no. 7,
pp. 931-938, 2018.

L.Li, L. Y. Zhang, Q. Q. Jin, and C. Hélscher, “Glucagon-like
peptide-1/glucose-dependent insulinotropic polypeptide
dual receptor agonist DACHS5 is superior to exendin-4 in
protecting neurons in the 6-hydroxydopamine rat Parkinson
model,” Neural Regeneration Research, vol. 16, no. 8,
pp. 1660-1670, 2021.

L. L. Baggio and D. J. Drucker, “Biology of incretins: GLP-1
and GIP,” Gastroenterology, vol. 132, no. 6, pp. 2131-2157,
2007.

C. Holscher, “Glucagon-like peptide 1 and glucose-
dependent insulinotropic peptide hormones and novel re-
ceptor agonists protect synapses in Alzheimer’s and



12

(68]

(71]

(72]

(73]

(75]

(76]

(77]

(78]

(79]

(80]

(81]

Parkinson’s diseases,” Frontiers in Synaptic Neuroscience,
vol. 14, Article ID 955258, 2022.

Y. Li, W. Liu, L. Li, and C. Holscher, “Neuroprotective effects
of a GIP analogue in the MPTP Parkinson’s disease mouse
model,” Neuropharmacology, vol. 101, pp. 255-263, 2016.
N. Reich and C. Hoélscher, “The neuroprotective effects of
glucagon-like peptide 1 in Alzheimer’s and Parkinson’s
disease: an in-depth review,” Frontiers in Neuroscience,
vol. 16, Article ID 970925, 2022.

B. Finan, T. Ma, N. Ottaway et al., “Unimolecular dual
incretins maximize metabolic benefits in rodents, monkeys,
and humans,” Science Translational Medicine, vol. 5, no. 209,
Article ID 209ral51, 2013.

T. D. Miiller, M. Bluher, M. H. Tschop, and R. D. DiMarchi,
“Anti-obesity drug discovery: advances and challenges,”
Nature Reviews Drug Discovery, vol. 21, no. 3, pp. 201-223,
2022.

P. L. McGeer, S. Itagaki, B. E. Boyes, and E. G. McGeer,
“Reactive microglia are positive for HLA-DR in the sub-
stantia nigra of Parkinson’s and Alzheimer’s disease brains,”
Neurology, vol. 38, no. 8, pp. 1285-1291, 1988.

D. Devos, T. Lebouvier, B. Lardeux et al., “Colonic in-
flammation in Parkinson’s disease,” Neurobiology of Disease,
vol. 50, pp. 42-48, 2013.

C.F. Orr, D. B. Rowe, and G. M. Halliday, “An inflammatory
review of Parkinson’s disease,” Progress in Neurobiology,
vol. 68, no. 5, pp. 325-340, 2002.

K. Talbot and H. Y. Wang, “The nature, significance, and
glucagon-like peptide-1 analog treatment of brain insulin
resistance in Alzheimer’s disease,” Alzheimer’s and De-
mentia: The Journal of the Alzheimer’s Association, vol. 10,
no. 1, pp. S12-525, 2014.

T. R. Bomfim, L. Forny-Germano, L. B. Sathler et al., “An
anti-diabetes agent protects the mouse brain from defective
insulin signaling caused by Alzheimer’s disease-associated
Ap oligomers,” Journal of Clinical Investigation, vol. 122,
no. 4, pp. 1339-1353, 2012.

I. A. Clark and B. Vissel, “Inflammation-sleep interface in
brain disease: TNF, insulin, orexin,” Journal of Neuro-
inflammation, vol. 11, no. 1, p. 51, 2014.

D. Najem, M. Bamji-Mirza, N. Chang, Q. Y. Liu, and
W. Zhang, “Insulin resistance, neuroinflammation, and
Alzheimer’s disease,” Reviews in the Neurosciences, vol. 25,
no. 4, pp. 509-525, 2014.

C. Kappe, L. M. Tracy, C. Patrone, K. Iverfeldt, and
A. Sjoholm, “GLP-1 secretion by microglial cells and de-
creased CNS expression in obesity,” Journal of Neuro-
inflammation, vol. 9, no. 1, p. 766, 2012.

R. Ohshima, K. Hotsumi, C. Holscher, and K. Seki, “Age-
related decrease in glucagon-like peptide-1 in mouse pre-
frontal cortex but not in Hippocampus despite the preser-
vation of its receptor,” American Journal of BioScience, vol. 3,
pp. 11-27, 2015.

P. Gual, Y. Le Marchand-Brustel, and J. F. Tanti, “Positive
and negative regulation of insulin signaling through IRS-1
phosphorylation,” Biochimie, vol. 87, no. 1, pp. 99-109, 2005.
C. M. Long-Smith, S. Manning, P. L. McClean et al., “The
diabetes drug liraglutide ameliorates aberrant insulin re-
ceptor localisation and signalling in parallel with decreasing
both amyloid-beta plaque and glial pathology in a mouse
model of Alzheimer’s disease,” NeuroMolecular Medicine,
vol. 15, no. 1, pp. 102-114, 2013.

M. Zhou, S. Chen, P. Peng et al., “Dulaglutide ameliorates
STZ induced AD-like impairment of learning and memory

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

(90]

(91]

[92]

(93]

(94]

(95]

(96]

(97]

Parkinson’s Disease

ability by modulating hyperphosphorylation of tau and NFs
through GSK3pB,” Biochemical and Biophysical Research
Communications, vol. 511, no. 1, pp. 154-160, 2019.

B. Sommer, S. Barbieri, K. Hofele et al., “Mouse models of
alpha-synucleinopathy and Lewy pathology,” Experimental
Gerontology, vol. 35, no. 9-10, pp. 1389-1403, 2000.

M. G. Spillantini, M. L. Schmidt, V. M. Lee,
J. Q. Trojanowski, R. Jakes, and M. Goedert, “a-Synuclein in
Lewy bodies,” Nature, vol. 388, no. 6645, pp. 839-840, 1997.
A. M. Cuervo, L. Stefanis, R. Fredenburg, P. T. Lansbury, and
D. Sulzer, “Impaired degradation of mutant a-synuclein by
chaperone-mediated autophagy,” Science, vol. 305, no. 5688,
pp. 12921295, 2004.

H. A. Lashuel, C. R. Overk, A. Oueslati, and E. Masliah, “The
many faces of alpha-synuclein: from structure and toxicity to
therapeutic target,” Nature Reviews Neuroscience, vol. 14,
no. 1, pp. 38-48, 2013.

T. Tokuda, M. M. Qureshi, M. T. Ardah et al., “Detection of
elevated levels of alpha-synuclein oligomers in CSF from
patients with Parkinson disease,” Neurology, vol. 75, no. 20,
pp. 1766-1770, 2010.

B. Caughey and P. T. Lansbury, “Protofibrils, pores, fibrils,
and neurodegeneration: separating the responsible protein
aggregates from the innocent bystanders,” Annual Review of
Neuroscience, vol. 26, no. 1, pp. 267-298, 2003.

A. E. Lang, A. D. Siderowf, E. A. Macklin et al., “Trial of
cinpanemab in early Parkinson’s disease,” New England
Journal of Medicine, vol. 387, no. 5, pp. 408-420, 2022.

J. T.Nimmo, L. Kelly, A. Verma, R. O. Carare, J. A. R. Nicoll,
and J. C. Dodart, “Amyloid-f8 and a-synuclein immuno-
therapy: from experimental studies to clinical trials,” Fron-
tiers in Neuroscience, vol. 15, Article ID 733857, 2021.

G. Pagano, K. L. Taylor, J. Anzures-Cabrera et al., “Trial of
prasinezumab in early-stage Parkinson’s disease,” New En-
gland Journal of Medicine, vol. 387, no. 5, pp. 421-432, 2022.
N. Bengoa-Vergniory, R. F. Roberts, R. Wade-Martins, and
J. Alegre-Abarrategui, “Alpha-synuclein oligomers: a new
hope,” Acta Neuropathologica, vol. 134, no. 6, pp. 819-838,
2017.

J. Jalewa, M. K. Sharma, and C. Holscher, “Novel incretin
analogues improve autophagy and protect from mitochon-
drial stress induced by rotenone in SH-SY5Y cells,” Journal
of Neurochemistry, vol. 139, no. 1, pp. 55-67, 2016.

T. Panagaki, M. Michael, and C. Hdlscher, “Liraglutide re-
stores chronic ER stress, autophagy impairments and apo-
ptotic signalling in SH-SY5Y cells,” Scientific Reports, vol. 7,
no. 1, Article ID 16158, 2017.

L. L. Bu, Y. Q. Liu, Y. Shen et al, “Neuroprotection of
exendin-4 by enhanced autophagy in a parkinsonian rat
model of alpha-synucleinopathy,” Neurotherapeutics, vol. 18,
no. 2, pp. 962-978, 2021.

Y. F. Chang, D. Zhang, W. M. Hu, D. X. Liu, and L. Lj,
“Semaglutide-mediated protection against Af correlated
with enhancement of autophagy and inhibition of apotosis,”
Journal of Clinical Neuroscience, vol. 81, pp. 234-239, 2020.
D. X. Liu, C. S. Zhao, X. N. Wei, Y. P. Ma, and J. K. Wu,
“Semaglutide protects against 6-OHDA toxicity by en-
hancing autophagy and inhibiting oxidative stress,” Par-
kinson’s Disease, vol. 2022, Article ID 6813017, 10 pages,
2022.

D. J. Moore, A. B. West, V. L. Dawson, and T. M. Dawson,
“Molecular pathophysiology of Parkinson’s disease,” Annual
Review of Neuroscience, vol. 28, no. 1, pp. 57-87, 2005.



Parkinson’s Disease

(98]

[99]

[100]

[101]

[102]

A. M. Pickrell and R. J. Youle, “The roles of PINK1, parkin,
and mitochondrial fidelity in Parkinson’s disease,” Neuron,
vol. 85, no. 2, pp. 257-273, 2015.

J. A. Santiago and J. A. Potashkin, “Shared dysregulated
pathways lead to Parkinson’s disease and diabetes,” Trends in
Molecular Medicine, vol. 19, no. 3, pp. 176-186, 2013.

F. Ferrari, A. Moretti, and R. F. Villa, “Incretin-based drugs
as potential therapy for neurodegenerative diseases: current
status and perspectives,” Pharmacology ¢ Therapeutics,
vol. 239, Article ID 108277, 2022.

G. D. Femminella, E. Frangou, S. B. Love et al., “Evaluating
the effects of the novel GLP-1 analogue liraglutide in Alz-
heimer’s disease: study protocol for a randomised controlled
trial (ELAD study),” Trials, vol. 20, no. 1, p. 191, 2019.

P. Edison, Z. Walker, E. Coulthard, C. Holscher,
A. Passmore, and C. Ballard, “Advances in science and
therapy,” in Proceedings of the Alzheimer’s & Parkinson’s
Diseases Conference, Gothenburg, Sweden, March 2023.

13





