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The GLP-1/GIP dual-receptor agonist DA5-CH inhibits the
NF-xB inflammatory pathway in the MPTP mouse model of
Parkinson’s disease more effectively than the GLP-1
single-receptor agonist NLYO1
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[Correction added on 30 August 2021, after in dopaminergic neurons was much reduced by MPTP and improved by DA5-CH, while
first online publication: Peer review history NLYO1 showed weak effects. When analyzing levels of a-synuclein (a-Syn), DA5-CH
statement has been added] reduced levels effectively while NLYO1 had no effect. When measuring the levels of the
inflammation markers Toll-like receptor 4 (TLR4), specific markers of microglia acti-
vation (Iba-1), the marker of astrocyte activation glial fibrillary acidic protein (GFAP),
nuclear factor-xB (NF-xB), tumor necrosis factor (TNF-a), and transforming growth
factor 81 (TGF-B1), DA5-CH was very effective in reducing the chronic inflammation
response, while NLYO1 did not show significant effects. Levels of key growth factors
such as Glial cell-derived neurotrophic factor (GDNF) and Brain-derived neurotrophic
factor (BDNF) were much reduced by MPTP, and DA5-CH was able to normalize levels
inthe brain, while NLYO1 showed little effect. The levels of pro-inflammatory cytokines
(IL-6 and IL-1B) were much reduced by DA5-CH, too, while NLYO1 showed no effect. In
a separate experiment, we tested the ability of the two drugs to cross the blood-brain
barrier. After injecting fluorescin-labelled peptides peripherally, the fluorescence in
brain tissue was measured. It was found that the pegylated NLYO1 peptide did not
cross the BBB in meaningful quantities while exendin-4 and the dual agonist DA5-CH

did. The results show that DA5-CH shows promise as a therapeutic drug for PD.
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1 | INTRODUCTION

Parkinson'’s disease (PD) is one of the most common neurodegenera-
tive diseases that occur in middle-aged and elderly people. With the
advent of an aging society in developed countries, its morbidity, preva-
lence, and mortality have increased significantly, becoming an impor-
tant burden of public health. The current treatment plan for dopamine
or dopamine precursors to improve the symptoms of PD does not sig-
nificantly prevent disease progression and is accompanied by some
side effects and complications (Aviles-Olmos et al., 2013). The main
pathological feature of PD is that the death of dopaminergic nerve cells
in the substantia nigra compact part of the midbrain. When the cell
loss reduction reaches more than 70%, a series of motor dysfunction
symptoms such as resting tremor, muscle stiffness, and slow movement
will occur. However, the specific pathogenesis and development mech-
anisms are still unclear. Mitochondrial dysfunction, oxidative stress,
neuroinflammation, apoptosis, necrosis, and autophagic death may all
be involved in the death of dopaminergic neurons. Research on the pre-
vention and treatment of Parkinson’s disease is still ongoing.

In recent years, research on immune-related regulatory mecha-
nisms of the nervous system has become a focus of research. Stud-
ies have found that the development of many central chronic degen-
erative diseases are accompanied by a chronic immune inflammatory
reaction (Caggiu et al., 2019). Chronic inflammation can damage the
repair pathways of the brain, and glial cells are important in this pro-
cess by releasing pro-inflammatory cytokines and nitric oxide (Tansey
& Goldberg, 2010). When infection or other nerve damage occurs, the
innate immune system, including astrocytes and microglia, is activated
by toll-like receptors (TLR). Among them, TLR4 is highly expressed on
the membrane of microglia, and is highly involved in neuroinflamma-
tion during central nervous system injury, and has a regulatory effect
onnuclear factor NF-xB (p65) (Ferrari & Tarelli,2011; Perry et al., 2007,
Togashi et al., 1997). The expression of NF-xB participates in many
physiological reactions, including immune inflammation, acute inflam-
mation, oxidative stress, cell adhesion, differentiation, and apoptosis
(Togashi et al., 1997). In PD brain, a-Syn is involved in inflammatory
activation and is considered as a key driver of PD (Bengoa-Vergniory
etal.,2017).

Studies have shown that many neurological diseases are associated
with T2DM (Type 2 Diabetes Mellitus). Both of them gradually increase
with age and show a chronic progression. The risk of Parkinson’s dis-
ease in T2DM patients seems to be higher and disease progression is
faster (Cheong et al., 2020; Miyake et al., 2010). The risk of developing
PD increases with the duration of fasting blood glucose/DM impair-
ment, and the severity gradually increases (Foltynie & Athauda, 2020;
Xu et al., 2011). Glucagon-like peptide 1 (GLP-1) is a peptide hormone
with growth-factor-like properties, GLP-1 is produced in several

tissues including the brain. GLP-1 released into the bloodstream can
cross the blood-brain barrier and enter the central nervous system
to play a role (Holscher, 2018; Kastin et al., 2002). GLP-1 receptor
(GLP-1R) is widely expressed in the central nervous system, including
hippocampus, neocortex, hypothalamus, and cerebellum, especially in
midbrain and striatum (Darsalia et al., 2012; 2013; During et al., 2003;
Graham et al., 2020; Hamilton & Holscher, 2009; Lee et al., 2011; Li
et al.,, 2009; Merchenthaler et al., 1999; Teramoto et al., 2011). GLP-1R
agonists have shown consistent neuroprotective effects in a range of
cell culture and animal models of disease (Holscher, 2018). Studies
have shown that exendin-4 pretreatment can reduce MPTP-mediated
dopaminergic neurodegeneration, and can cross the blood-brain
barrier and reduce brain inflammation by inhibiting the recruitment
and activation of glial cells (Aviles-Olmos et al., 2013; Zhang et al.,
2020). Exendin-4 has a protective effect on central system diseases,
and was recently found to have a beneficial effect on motor function
in a randomized placebo-controlled phase Il trial for the treatment
of PD (Athauda et al., 2017, 2019). On the basis of this, a pegylated
version of exendin-4 is being tested as a potential drug treatment for
PD. This drug named NLYO1 has extended half life in the blood stream
and has a 40 kDa pegylation added to the exendin-4 peptide (Kim et al.,
2012; Yun et al,, 2018). NLYO1 has been shown to have protective
effects in different animal models of inflammation and PD (Yun et al.,
2018). Currently, NLYO1 is being tested in a phase Il clinical trial in PD
patients (NCT04154072).

Glucose-dependent intestinal insulin-releasing peptide (GIP) is the
“sister” incretin hormone of GLP-1. GIP analogs originally designed for
the treatment of diabetes showed good protection in animal models
of AD and PD (Zhang & Holscher, 2020). Our previous studies have
proved that the new long-acting GIP analog D-Ala2-GIP-Glu-PAL has
a neuroprotective effect on acute and chronic MPTP mouse models (Li
etal,2016,2017).

Nowadays, there are new GLP-1/GIP dual receptor agonists, which
are more effective in diabetic patients, better than a single GLP-1 or
GIP, which can fully exert the pharmacological effects of the two while
reducing related side effects (Finan et al., 2013). In direct comparisons,
the novel GLP-1/GIP dual receptor agonists are more effective than
single GLP-1 or GIP analogues in mouse models of PD (Feng et al.,
2018; Zhang et al., 2020). Crossing the blood-brain barrier (BBB) is
an important property of drugs that can reduce neurodegenerative
disorders in the CNS (Scherrmann, 2002). We have developed two
novel dual GLP-1/GIP receptor agonists that can cross the BBB better
due to CPD modifications (Feng et al., 2018; Holscher, 2018; Li et al.,
2020; Salameh et al., 2020; Zhang et al., 2020). In direct comparisons,
they are superior in entering the brain compared to other GLP-1 or
GIP or dual GLP-1/GIP receptor agonists (Li et al., 2020; Salameh et al.,
2020; Zhang et al., 2020). In contrast, the pegylated NLYO1 version of
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exendin-4 has poor BBB penetration capabilities (Yun et al., 2018) (see
Figure S2). In order to directly compare the dual GLP-1/GIP receptor
agonist DA5-CH that has shown superior neuroprotective effects in
the MPTP mouse model of MPTP with the NLYO1, we compared their
effects at the same dose and measured the effects on motor symptoms
and the chronic inflammatory response in the brain, among other key

biomarkers.

2 | MATERIALS AND METHODS

2.1 | Laboratory animals, reagents, and
instruments
2.1.1 | Experimental animals

C57BL6/J male mice were used, 8 weeks old, 22-25 g weight, SPF
rearing conditions, purchased from the Experimental Animal Cen-
ter of Shanxi Medical University. They were reared under constant
temperature (22+3)°C, constant humidity (50%—55%), 12:12 h light
and dark cycle conditions, four mice in each cage, ensure adequate
diet, drinking water, and proper ventilation, fasting for 8 hours before
detecting fasting tail vein blood glucose. Before entering the model
building, each mouse was given an adaptation period of about 14 days
to reduce experimental errors caused by environmental inadaptability.
All animal experiment procedures in this study were approved by
the Ethics Committee of Shanxi Medical University and implemented
in accordance with the National Institutes of Health (National Insti-
tutes of Health, NIH) guidelines (NIH publication, No. 85-83, revised
in 1985).

2.1.2 | Experimental reagents

DA5-CH powder and NLYO1 were obtained from Chinapeptides
(Shanghai, China). The purity was 95% as detected and determined
by reversed-phase high-performance liquid chromatography and flight
mass spectrometer.

The DA5-CH peptide aa sequence is YXEGTFTSDYSIYLDKQAA
XEFVNWLLAGGPSSGAPPPSKRRQRRKKRGY-NH2 (X = aminoisobu-
tyric acid) (Feng et al., 2018).

The peptide aa sequence of NLYO1 is HGEGTFTSD
LSKQMEEEAVRLFIETLKNGGPSSGAPPPSC-PEG (Yun et al., 2018).

The drugs were dissolved in 0.9% normal saline at a concentration
of 25 nmol/kg/d, i.p. MPTP was purchased from Sigma (USA), with 4%
paraformaldehyde (Boster Institute of Biotechnology, Wuhan, China).
Ethylenediamine tetra-acetic acid (EDTA) antigen retrieval solution,
diaminobenzidine (DAB) color developing solution, horseradish perox-
idase labeled goat anti-rabbit IgG (ZSGB-B |0, China); 8-actin (1:5000;
Bioworld, USA), GAPDH (1:5000; Bioworld, USA), TH (1:200, Abcam,
UK), a-Syn (1:2000, Abcam, UK), GFAP (1:10000; Abcam, UK), rabbit
anti-IBA-1 (1:100; Bioworld, USA), rabbit anti-NFxB-p65 (1:500,
Bioworld, USA), TNF-a (1:500; Bioworld, USA)), rabbit anti-TGF-31

(1:500; Bioworld, USA), rabbit anti-TLR4 (1:100, ABclonal, Wuhan,
China), rabbit anti-GDNF (5ug/ml; Abcam, UK), rabbit anti-BDNF (1
:50; Bioworld, USA), and secondary peroxidase-conjugated antibody
(1:5000; Bioworld, USA). Phenylmethanesulfonyl fluoride (PMSF),
radioimmune precipitation assay (RIPA) lysate, sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) Protein
loading buffer 5X, bicinchoninic acid (BCA) protein quantification
kit, goat anti-rabbit 1gG conjugated with peroxidase, and ultra-
sensitive ECL chemiluminescence ready-to-use substrate (Boster,
China).

2.1.3 | Experimental instruments

Blood glucose meter (Corfu, China), electronic balance, fatigue rotating
rod meter (type: ZN17-YLS-4C), flat panel gait analyzer (CleverSys Inc.,
USA); automatic biological tissue dehydrator TP1020, manual rotary
type Microtome RM2235, spread dryer HI1220, microscope DM1000
(Leica, Germany); high-speed refrigerated centrifuge 5810 (Eppendorf,
Germany); micro sampler, microplate reader Multi Skan MK3 (Thermo
Scientific, USA); protein Electrophoresis instrument, protein transfer

membrane instrument, gel imaging system (Bio-Rad, USA).

2.1.4 | Blood-brain barrier penetration study

We tested the peptides exendin-4, NLY01, and DA5-CH. Three-month-
old C57BL6 mice were injected with fluorescein-labelled peptide
at 50 nmol/kg i.p., n = 6 per group. This dose has previously shown
good effects in BBB studies of DA5-CH and similar peptide drugs (Li
et al,, 2020; Salameh et al., 2020; Zhang et al., 2020). Two hours later,
animals were anaesthetized with Dolethal pentobarbital (BAYER) at
50 mg/kg and were transcardially perfused with 20 ml phosphate
buffered saline (PBS, pH7.4), followed by approximately 20 ml 4%
paraformaldehyde (PFA, pH 7.4). Brains were post-fixed in PFA for
24 h in 20% sucrose solution and sectioned on a Leica cryostat at
40 um, and fluorescence was quantified on a Zeiss Axio Scope Al
microscope under 488 nm illumination. Images were taken with a Sony
ICX 267 digital camera at 525 nm. One image per brain was taken at
a random location in the cortex. The image size was 250 x 250 um.
Fluorescence was quantified using Image-Pro Plus 6.0 software (Media
Cybernetics, Inc., USA). For details see Li et al. (2020) and Zhang et al.
(2020).

2.1.5 | MPTP treatment

MPTP was dissolved in physiological saline, packaged separately, and
stored in a refrigerator at —80°C. After the mice were weighed, and
were injected intraperitoneally at 25 mg/kg each time at 8 am every
day for 7 consecutive days. The success criteria for inducing a PD-like
state were: continuous limb tremor, stiffness of the limbs, erect hair,

frequent swallowing activities, restricted activities, slow movement,
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arched back, and tail stiffness after the injection of the mice on the 6th
to 7th days. For a timeline of the experiment see Figure 2.

2.1.6 | Experiment grouping

After two weeks of acclimatization to the suitable environment in the
animal room, 72 male C57BLs were randomly divided into 4 groups,
each of which was n = 18: A) control group: Normal saline (0.1 ml/day,
once, i.p., 7 days); B) MPTP model group: MPTP (25 mg/kg, once, ip, 7
days) + normal saline (0.1 ml/day, once, i.p., 7 days); C) DA5-CH+MPTP
group: MPTP (25 mg/kg, once, i.p., 7 days) + DA5-CH (25 nmol/kg/day,
once, i.p., 7 days); D) NLYO1+MPTP: MPTP (25 mg/kg/2 h, 1 time, i.p.,
7 days) + NLYO1 (25 nmol/kg, 1 time, i.p., 7 days). The dose of DA5-CH
was the same as used in previous studies (Li et al., 2020; Zhang et al.,
2020).

2.1.7 | Blood glucose and weight testing

Ten mice in each group were selected for blood glucose testing (collect-
ing blood from the tail vein, using a blood glucose meter, and recording
the value) before injecting the drug on the first day. The weight of these

10 mice was taken on the first and seventh day.

2.2 | Behavioral testing

2.2.1 | Rotarod test

This tests the motor ability of a mouse to coordinate motor activity
and balance on a rotating rod. The test instrument (model YLS-4C,
Shandong Medical University, China) consists of a rotating shaft and
five independent compartments to test five mice at the same time.
Before drug administration, all mice were given preparatory training
for three consecutive days. During the test, the mouse was placed on
therotatingrod, and the rotating rod was accelerated from O to 20 rpm,
and the acceleration rotation time was set to 180 s. On the 7th day, a
formal test was performed 1 h after the injection, and two tests were
performed at an interval of half an hour. The total time was set to 180s,
and the speed of the rotating rod was increased from O to 30 rpm. Dur-
ing the test, the staying time of each group of experimental mice on the
rotating rod was recorded, and the final results were averaged for three

times.

2.2.2 | Open field test

In this study, the device consists of a circular open field (35 cm in
diameter; 40 cm in height) and uses a computer tracking system (Etho
Vision XT software, Noldus Information Technology, Wageningen,
Netherlands) to record animal behavior. After adapting to the envi-

ronment the night before, each mouse was placed in the center of
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the open field, and its movement activities were recorded in the next
10 minutes and analyzed by a computer tracking system. After each
mouse was tested, the area was wiped with 75% ethanol to prevent
errors caused by olfactory response. The open field experiment was
tested on the 7th day by a person who did not know the groups’
identity.

2.2.3 | Gait analysis test

In recent years, the gait analysis method has become an important
method for evaluating the severity of PD, which makes up for the var-
ious shortcomings of some methods of behavioral testing, and meets
the growing demand for basic research. C57BL/6 mice freely pass
through the 115 cm long and 6.5 cm wide glass runway on the gait ana-
lyzer in the dark environment 2-3 times in 20 seconds (2000 frames),
during which one of the lengths is set The paw prints of the (30 cm)
glass track were collected by BcamCapture software and analyzed by
RunwayScan software. The mice adapt to the dark environment for one
night. Before the test, each mouse is placed on the track and allowed
to explore the habit track to ensure that it must pass through the set
30 cm length glass track in one direction continuously and without
pause. After the RunwayScan3.0 analysis system has identified and
marked each footprint, it will automatically generate a series of gait
parameters, including stride length and etc. Each foot can collect at
least 11 consecutive footprints for its parameters statistics. Before the
gait test, we weighed the mice in each group, and all mice must weighed
close to 20-30 g. During the experiment, the data of mice that were
overweight or underweight, and those that stopped, turned or stag-
nated within the set length of 30 cm, were not included in the statistical

analysis.
2.3 | Specimen preparation and testing
2.3.1 | Separation and fixation of mouse brain tissue

After behavioral evaluation, each group of mice was divided into
two parts. The first part is the immunohistochemical staining. The
mice (n = 6 in each subgroup) were anesthetized with 10% chloral
hydrate (5 ml/kg, intraperitoneal injection), followed by 100 ml of
normal saline and 100 ml of 4% PFA. A solution of paraformalde-
hyde (PFA) is used for cardiac perfusion to replace blood and fix
tissue. The mice were quickly decapitated, brains were removed and
placed in 4% PFA solution, and fixed for another 12 hours. Gradient
dehydration was carried out using an automatic biological tissue
dehydrator, and paraffin embedding. Western blot: the mice (n = 6
in each subgroup) were anesthetized with 10% chloral hydrate, and
the heart was perfused with 200 ml of normal saline. The whole
brain tissue was quickly dissected and collected on ice. The sub-
stantia nigra and the striatum tissue was isolated and stored at
—80°C.
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2.3.2 | Western blotting 3 | RESULTS

After lysing the brain tissue of each group of mice with PMSF RIPA 3.1 | BBB penetration of drugs

lysate and extracting the total protein, the protein concentration was
quantified by BCA method. After adjusting the protein concentration
with RIPA Lysis Buffer (Beyotime, China), the same 20 mg protein was
used for electrophoresis. The protein was separated by SDS-PAGE gel
electrophoresis (concentrated gel constant pressure 80V + separation
gel constant pressure 100 V). Then, the protein was transferred to
the PVDF membrane with the following rabbit anti-mouse primary
antibodies at 4°C overnight:3-actin, GAPDH, TH, a-Syn, GFAP, rabbit
anti-IBA-1, rabbit anti-NFxB-p65, TNF-a, and rabbit anti-TGF-31. On
the second day, the membrane was incubated with the secondary
antibody at room temperature for 1 h. After washing with TBST, ECL
was used to enhance chemiluminescence imaging (Boster, China).
After the film was scanned, -actin or GAPDH was used as the
internal reference to analyze the relative absorbance value of the
target band with the Image Lab 3.0 software gel image processing

system.

2.3.3 | Immunohistochemical analysis

Using a semi-automated microtome (Leica, Wetzlar, Germany), the
range of the striatum area from the bregma from 1.54 to 0.10 mm, and
the range of the substantia nigra compact from 2.92 to 3.40 mm from
the bregma were taken from each group of mice. Coronal slices of 4
um thick serial were cut. The number of positive cells were calculated,
and the average cell count of each animal for statistical analysis was
used. Criteria for positive judgment: the cytoplasm is brown under the
light microscope, and the nucleus is light blue or purple blue. This study
used TH, TLR4, GFAP, IBA-1, TNF-a, NF-xB-p65, GDNF, BDNF, TGF-31
and secondary peroxidase binding antibodies. Magnification was x 400.
Image-Pro Plus 6.0 software was used to count cells.

2.3.4 | Analysis of cytokine levels

Mouse midbrain tissue was homogenized with trypsin to make a
homogenate. Instructions for the enzyme-linked immunosorbent assay
kit (Boster, China) to measure IL-18, IL-6 and IL-10 were followed.

2.3.5 | Statistical methods

Statistical software SPSS523.0 was used for analysis. Measurement data
are expressed as mean + standard deviation, comparison between two
groups was by t-test, between three or more by one-way analysis of
variance (ANOVA) with post-hoc tests. Weight and glucose levels were
analyzed by repeated measurement of the two-way difference using
the Prism 7 stats program (Graphpad software, USA). p < .05 was con-

sidered statistically significant.

When comparing the number of positive fluorescin cells in brain tis-
sue, an overall one-way ANOVA found a difference between groups
(p = .001). Post-hoc tests revealed difference between groups. DA5-
CH had the highest numbers per micrograph (p <.001 compared with
NLYO1, p < .01 compared with exendin-4). Exendin-4 had higher num-
bers than NLYO1 (p = .01) (see Figure 1(a)). For comparison, results
from a previous study have been added (Figure 1(b) and 1(c)). N = 6 per
group.

3.2 | Blood glucose and weight monitoring

When analyzing blood glucose levels and body weight on day 1 and day
7, two-way repeated-measure ANOVA found no difference between
the groups. The results showed that the two groups of drugs had no
effect on the body weight or blood sugar of the experimental mice (see

Figure 3).

3.3 | Motor activity of MPTP-treated mice

3.3.1 | Rotarod test

A one-way ANOVA found that there were differences between all
groups, and the LSD comparison test between groups found that
the differences between groups were significant. Compared with the
MPTP group, both drugs restored the muscle strength and exercise
performance of the model mice (p < .01), and DA5-CH had a better
effect (p < .05). See Figure 4(a).

3.3.2 | Open field test

A one-way ANOVA found that there were differences between all
groups, and the LSD comparison test between groups found that
the differences between groups were significant. Compared with the
MPTP group, both drugs restored the space exploration ability of the
model mice in the new environment, the total movement distance of
the mice was significantly increased (p<.0001), and DA5-CH had a bet-
ter effect (p<.0001) compared with NLYO1. See Figure 4(b).

3.3.3 | Gait test

A one-way ANOVA found that there were differences between all
groups, and the LSD comparison test between groups found that the
differences between groups were significant. Compared with the con-

trol group, the step length, stride width, and average speed of the model
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FIGURE 1 Analysis of BBB penetration by injecting fluorescence-labelled peptides peripherally and analysing brain sections. (a) comparing
DA5-CH with exendin-4 and NLYO1. N = 6 per group. Sample images are shown, top: ex-4, middle: NLYO1, bottom: DAS5. Scale bar = 10 um. (b)
results using the same technique as published in Yun et al. (2018), showing the same results as presented in our study. (c) quantification of NLYO1
as published in (Yun et al., 2018) (redrawn Figure 2 B,C, supplementary file). *** = p<.001; ** = p<.01. N.D. = not detected
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FIGURE 2 Schematic diagram of the experimental procedure

group had significant changes (p < .0001), indicating that the model- 34 | Loss of dopamine neurons and the

ing drug had an effective effect and the modeling was successful. Com- accumulation of a-syn in the brain

pared with the MPTP group, DA5-CH significantly restored the gait

behavior of MPTP mice, significantly improving the stride width and In order to detect the effects of the two drugs, this subject detected
average speed of the mice (p < .0001), and had statistical significance and analyzed the levels of TH, a key enzyme of dopamine neurons, and

in improving the step length (p < .05), while NLYO1 only improved the the level of a-syn, an important protein related to the pathogenesis of

stride width (p <.05). See Figure 5. PD.
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FIGURE 3 Analysis of blood glucose level and body weight of mice measured at the same point of tim of fasting in the early morning on day 1
and day 7. (a) No statistical difference was found when comparing the blood glucose levels of each group on the 1st and 7th day using the
two-factor repeated measurement analysis of variance method (time DF = 1, F = 0.089, p > .05; Group degrees of freedom groups DF = 3,

F =0.325, p > .05; interaction degrees of freedom interaction DF = 3, F = 0.283, p > .05). (b) There was no statistical difference when comparing
the weight in each group on the 1st and 7th day by the two-factor repeated determination analysis of variance method (time DF = 1, F = 0.156,
p>.05; groups DF = 3, F =0.873, p > .05; interaction DF = 3,F = 0.141, p > .05). n = 10 per group
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FIGURE 4 Muscle strength and space exploration of mice. (a) The results of the rotarod experiment showed that compared with the control
group, the time spent on the rotating rod of the MPTP group was significantly reduced (p<.0001) compared with the MPTP group, the DA5-CH
group and the NLYO1 group. The staying time on the rotating rod increased significantly (p < .01), and the DA5-CH group had a more significant
increase in the staying time than the NLYO1 group (p < .05). (b) The results of the open field experiment showed that compared with the control
group, the total moving distance of the mice in the MPTP group was significantly reduced (p<.0001); compared with the MPTP group, the total of
the mice in the DA5-CH group and the NLYO1 group. Both the moving distance and the average movement speed values increased significantly
(p<.0001), and the DA5-CH group increased more significantly than the NLYO1 group (p<.05). (c) Open field test trajectory samples of each group.
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= p<.0001 compared with the control group; ** = p<.01 compared with the control group; ### = p<.0001 compared with the MPTP group;

## = p<.01 compared with the MPTP group; # = p<.05 compared with the MPTP group; % = p < .05 compared with M+DA5-CH group. n = 10 per

group

Western blot assay

One-way ANOVA found that there were differences between all
groups, and the LSD comparison test between groups found that the
differences between groups were significant. In the midbrain tissue:
compared with the MPTP group, both drugs restored the expression
of TH (p < .0001, p < .001), and DA5-CH had a more obvious effect
(b < .0001). See Figure 6(b). Compared with the MPTP group, and
compared with the MPTP group, both drugs reduced the production
of a-syn (p < .0001), and DA5-CH was more effective (p < .0001). See
Figure 6(c).

Immunohistochemical analysis

In the substantia nigra of the midbrain, one-way ANOVA found that:
compared with the control group, the total number of TH-positive cells
in the MPTP group was significantly reduced to 39.65% (p<.0001);
compared with the MPTP group, the DA5-CH group was smaller. The
total number of TH-positive cells in the mice recovered to 79.61%
(p < .0001), the total number of TH-positive cells in the NLYO1

group recovered to 48.62%, and the DA5-CH group recovered more
significantly than the NLYO1 group (p < .0001). See Figure 7.

In the midbrain striatum, a one-way ANOVA found that: compared
with the control group, the average optical density of TH staining
in the MPTP group decreased to 58.73% (p<.0001); compared with
the MPTP group, DA5-CH the average optical density of TH stain-
ing of mice in the group and NLYO1 group recovered to 83.36% and
78.07%, respectively (p<.0001). There was no statistical significance
between the two drug groups and the control group (p>.05). See
Figure 7.

3.5 | TLR4/NF-xB signaling and expression levels
of NF-xB and TNF-«

In order to confirm whether DA5-CH targeting inhibition of microglia
activation is mediated by the TLR4/NF-xB signaling pathway, we ana-
lyzed TLR4, NF-xB and TNF in MPTP-induced PD mice by Western blot
and immunohistochemical-expression level of TLR4. As shown in Fig-
ures 8 and 9, the expression levels of TLR4, NF-xB and TNF-a were sig-
nificantly upregulated after MPTP injection. DA5-CH down-regulated
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FIGURE 5 Walking gait analysis. (a) Compared with the MPTP group, the DA5-CH group showed significant improvements in step length
(p <.05), while the NLYO1 group showed no statistically significant changes (p > .05). (b) Compared with the MPTP group, the DA5-CH group
showed a greater improvement (p<.0001) than the NLYO1 group (p<.01). (c) Compared with the MPTP group, the DA5-CH group had a significant
improvement on the average speed of mice (p <.0001), and the average speed of mice in the NLYO1 group was not statistically significant (p > .05).

(d) Sample tracks of the gait analysis as captured by the digital video system

the expression of TLR4, NF-xB and TNF-«, while NLYO1 only reduced
the expression level of NF-kB and TNF-ca.

3.5.1 | DA5-CH can reduce the expression of TLR4
in the midbrain

In the striatum, one-way ANOVA found that: compared with the MPTP
group, the number of TLR4 positive cells in the DA5-CH intervention
group decreased statistically (p<.05), and the TLR4 positive cells in the

NLYO1 intervention group the change in cell number was not statisti-

cally significant (p > .05). See Figure 8.

3.5.2 | NF-xB and downstream inflammatory factor
TNF-a levels

Western blot assay
In the midbrain tissue, single-factor ANOVA found that compared
with the MPTP group, the NF-xB expression level of the DA5-CH
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FIGURE 6 (a) Expression of TH and a-syn in brain tissues, sample western blots. (b) Compared with the MPTP group, the TH levels of the
DA5-CH group and the NLYO1 group increased significantly (p<.0001, p<.001), with DA5-CH being more effective than NLYO1 (p<.0001). (c)
Compared with the control group, the a-syn expression level of mice in the MPTP group was significantly increased (p < .0001); compared with the
MPTP group, the a-syn expression level of the mice in the DA5-CH group and the NLYO1 intervention group was significantly decreased

(p <.0001), the DA5-CH group had a more significant decrease in a-syn expression level than the NLYO1 intervention group (p < .0001).

*** = p<.0001 compared with the control group; ** = p<.01 compared with the control group; ### = p<.0001 compared with the MPTP group;

## = p<.01 compared with the MPTP group; %%% = p<.0001 compared with the M+DA5-CH group; n = 3 per group
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FIGURE 7 Immunohistochemical detection of the expression of TH in dopaminergic neurons (a) Staining of TH in the substantia nigra pars
compacta. (b) Compared with the control group, the total number of TH-positive cells in the MPTP group mice was significantly reduced to 39.65%
(p <.0001); compared with the MPTP group, the total number of TH-positive cells in the DA5-CH group recovered to 79.61% (p < .0001), the total
number of TH-positive cells in the NLYO1 group recovered slightly to 48.62%, and the DA5-CH spray group recovered more significantly than the
NLYO1 group (p < .0001). (c) Staining of TH in the striatum. (d) Compared with the control group, the average optical density of TH staining in the
MPTP group decreased to 58.73% (p < .0001); compared with the MPTP group, the average optical density of TH staining in the DA5-CH group
and the NLYO1 group. The density recovered to 83.36% and 78.07% respectively (p < .0001), and the two groups were not statistically different
compared with the control group (p > .05); *** = p <.0001 compared with the control group; ### = p <.0001 compared with the MPTP group;
%%% = p < .0001 compared with the M+DA5-CH group; Shown are representative images. Scale bar is 200 um. n = 6 per group
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FIGURE 8 Compared with the control group, the number of TLR4 positive cells in the MPTP group increased significantly (p <.0001).
Compared with the MPTP group, the decrease in the number of TLR4 positive cells in the DA5-CH intervention group was statistically significant
(b <.05), the number of TLR4 positive cells in the NLYO1 group did not change (p > .05). ** = p < .01 compared with the control group; ## = p < .01
compared with the MPTP group. Shown are representative images, Scale bar is 50 um. n = 6 per group
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(a) Expression of NF-xB and TNF-« in brain tissue, sample western blots. (b) Compared with the control group, the expression level

of NF-xB in the MPTP group mice was significantly increased (p < .0001); compared with the MPTP group, the expression level of NF-xB in the
DA5-CH intervention group and the NLYO1 intervention group was increased (p <.0001, p < .01). The DA5-CH group showed reduced NF-xB
expression level but the NLYO1 intervention group did not (p <.0001). (c) Compared with the control group, the TNF-a expression level in the
MPTP group was significantly increased (p <.0001); compared with the MPTP group, the TNF-a expression level of the mice in the DA5-CH
intervention group was significantly decreased (p < .0001), the increase in the expression level of NF-xB in mice in the NLYO1 intervention group
was significant (p < .05), and the decrease in the expression level of TNF-« in the DA5-CH intervention group was more significant than that in the
NLYO1 intervention group (p <.0001). *** = p <.0001 compared with the control group; ** = p <.01 compared with the control group;

### = p <.0001 compared with the MPTP group; ## = p < .01 compared with the MPTP group; # = p < .05 compared with the MPTP group;

%%% = p <.0001 compared with the M+DAS5-CH group. n = 3 per group

intervention group and the NLYO1 intervention group increased
significantly (p<.0001, p<.01). The DA5-CH intervention group had a
more significant NF-xB expression level than the NLYO1 intervention
group (p<.0001). See Figure 9(b). Compared with the MPTP group,
the TNF-a expression level of the DA5-CH intervention group mice
was significantly decreased (p < .0001), and the NF-xB expression
level of the NLYO1 intervention group mice increased statistically
(b < .05), the DA5-CH spraying group had a more significant decrease
in TNF-a expression than the NLYO1 intervention group (p<.0001).
See Figure 9(c).

Immunohistochemical analysis. In the substantia nigra of the mid-
brain, one-way ANOVA found that: compared with the MPTP group,
the number of NF-xo positive cells in the DA5-CH intervention group
and the NLYO1 drug group was significantly reduced (p < .0001),
DAS5-CH intervention when compared with the NLYO1 intervention
group, the number of NF-xi positive cells in the mice in the NLYO1
intervention group decreased more significantly (p < .0001). See Fig-
ure 10(b). Compared with the MPTP group, the number of TNF-a posi-
tive cells in the DA5-CH intervention group and the NLYO1 interven-
tion group was significantly reduced (p<.0001), and the number of
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FIGURE 10 (a) Sample micrographs of NF-xB cells in the striatum. (b) Compared with the control group, the number of NF-xB positive cells in

the MPTP group mice was significantly increased (p <.0001); compared with the MPTP group, the NF-xB positive cells in the DA5-CH intervention
group and the NLYO1 intervention group. The number of NF-xB positive cells in the DA5-CH intervention group was significantly reduced

(b <.0001) compared with the NLYO1 intervention group (p <.0001).(c) Sample micrographs of TNF-a cells in the striatum. (d) Compared with the
control group, the number of TNF-« positive cells in the MPTP group was significantly increased (p < .0001); compared with the MPTP group, the
TNF-« positive cells in the DA5-CH intervention group and the NLYO1 intervention group was reduced. The number of TNF-a-positive cells

decreased significantly (p <.0001) in the DA5-CH intervention group than in the NLYO1 intervention group (p <.0001).
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=p <.0001 compared

with the control group; ### = p <.0001 compared with the MPTP group; %%% = p < .0001 compared with the M+DA5-CH group. Shown are

representative images, Scale bar is 50 um, n = 6 per group

TNF-d the NLYO1 ints in the DA5-CH group were fewer than that of
the NLYO1 group (p < .0001). See Figure 10(d).

3.6 | Activation of microglia and astrocytes, levels
of pro-inflammatory cytokines and anti-inflammatory
factors

The expression of microglia marker Iba-1, microglia related anti-
inflammatory factor TGF-81 and astrocyte marker GFAP were
detected by immunohistochemical staining method and Western blot
method. One-way ANOVA found that there were differences between
all the groups, and the LSD comparison test between the groups found
that the differences between the groups were significant. The results
showed that compared with the control group, MPTP had a significant

activation effect on microglia and astrocytes, and significantly reduced
the expression of TGF-£1.

Western blot assay

In midbrain tissues, single-factor ANOVA found that: compared with
the MPTP group, the Iba-1 expression level in the DA5-CH group
was significantly decreased (p<.0001), while the Iba-1 expression level
in the NLYO1 drug group mice is significantly increased (p < .01).
See Figure 11(b). Compared with the MPTP group, the expression
level of TGF-B1 in the DA5-CH intervention group was statistically
significant (p < .0001). See Figure 11(c). Compared with the MPTP
group, the GFAP expression level of the mice in the DA5-CH inter-
vention group and the NLYO1 intervention group was significantly
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FIGURE 11 (a)Iba-1, TGF-B1 and GFAP western blot samples. (b) In the midbrain tissue, a one-way analysis of variance found that: compared
with the control group, the Iba-1 expression level of the MPTP group mice was significantly Increased (p<.0001); compared with the MPTP group,
the DA5-CH intervention group. The expression level of Iba-1 decreased significantly (p <.0001), while the expression level of Iba-1in the NLYO1
intervention group mice was significantly Increased (p < .01). (c) In the midbrain tissue, one-way analysis of variance found that: compared with the
control group, the TGF-31 expression level of the MPTP group decreased (p < .05); compared with the MPTP group, DA5-CH. The expression level
of TGF-f1 in the intervention group was statistically significant (p <.0001). (d) In the midbrain tissue, one-way analysis of variance found that:
compared with the control group, the GFAP expression level of the MPTP group mice was significantly Increased (p<.0001); Compared with the
MPTP group,the GFAP expression level of mice in the the DA5-CH intervention group and NLYO1 intervention group was increased significantly
(p <.0001), and the expression level of DA5-CH intervention group was more significant than that of NLYO1 intervention group (p <.0001).

*** = p <.0001 compared with the control group; * = p < .05 compared with the control group; ### = p <.0001 compared with the MPTP group;
## = p < .01 compared with the MPTP group; # = p < .05 compared with the MPTP group; %%% = p < .0001 compared with the M+DA5-CH
group. n = 3 per group

decreased (p < .0001), and the expression level of the DA5-CH group
was more significantly lower than that of the NLYO1 intervention group
(p <.0001). See Figure 11(d).

Immunohistochemical analysis

In the midbrain tissue, single-factor ANOVA found that: compared
with the MPTP group, the number of Iba-1 positive cells in the
DAS5-CH intervention group was significantly reduced (p<.0001), and
the number of Iba-1 positive cells in the NLYO1 intervention group
changed. There is no statistical difference (p > .05). See Figure 12(b).
Compared with the MPTP group, the number of TGF-31 positive cells

in the DA5-CH intervention group increased significantly (p<.0001).
See Figure 12(d). Compared with the MPTP group, the number of
GFAP positive cells in the DA5-CH intervention group and the NLYO1
spraying group was significantly reduced (p <.0001), and the DA5-CH
intervention group decreased more significantly than the NLYO1 inter-
vention group GFAP positive cell number (p <.0001). See Figure 12(f).

3.7 | Pro- inflammatory factors IL-6 and IL-18 and
anti-inflammatory factor IL-10

In the midbrain tissue, single-factor ANOVA found that: compared
with the MPTP group, the IL-10 expression level of the DA5-CH
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FIGURE 12 (a) Staining of activated microglia (Iba-1) in the substantia nigra pars compact area. (b) Compared with the control group, the

number of Iba-1 positive cells in the MPTP group was significantly increased (p <.0001); compared with the MPTP group, the number of Iba-1
positive cells in the DA5-CH intervention group was significantly reduced (p < 0 0001), there was no statistical difference in the number of Iba-1
positive cells in the NLYO1 intervention group (p > .05).(c) Staining phase of TGF-£1 cells. (d) Compared with the control group, the number of
TGF-B1 positive cells in the MPTP group was significantly reduced (p <.0001); compared with the MPTP group, the number of TGF-31 positive
cells in the DA5-CH intervention group was significantly increased (p < .0001). (e) Staining of GFAP cells. (f) Compared with the control group, the
number of GFAP-positive cells in the MPTP group increased significantly (p <.0001); compared with the MPTP group, the number of
GFAP-positive cells in the DA5-CH intervention group and the NLYO1 intervention group decreased significantly (p <.0001), the DA5-CH
intervention group reduced the number of GFAP positive cells more significantly than the NLYO1 intervention group (p <.0001). *** = p <.0001
compared with the control group; ** = p < .01 compared with the control group; * = p < .05 compared with the control group; ### = p <.0001
compared with the MPTP group; ## = p <.01 compared with the MPTP group; %%% = p <.0001 compared with the M+DA5-CH group. Shown are

representative images, scale bar is 50 um. n = 6 per group

intervention group was significantly increased (p<.0001), and the IL-
10 expression of the NLYO1 intervention group was slightly increased.
The level reduction was statistically significant (p < .05), and the IL-6
expression level of mice in the DA5-CH intervention group decreased
more significantly (p < .0001). Compared with the MPTP group, the
IL-13 expression level of mice in the DA5-CH intervention group was
significantly reduced (p < .0001), and the IL-1 expression level of the
mice in the NLYO1 intervention group was not statistically significant
(p>.05). See Figure 13.

3.8 | Levels of glial cell-derived neurotrophic factor
(GDNF) and brain-derived neurotrophic factor
(BDNF)

Immunohistochemical analysis
In midbrain tissues, one-way ANOVA found that, compared with the

MPTP group, the number of GDNF positive cells in the DA5-CH inter-

vention group was significantly reduced (p < .0001), and the number of
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FIGURE 13 Analysis of the expression levels of IL-10, IL-6 and IL-1f cytokines in the different groups. (a) Compared with the control group,
the IL-10 expression level of mice in the MPTP group was significantly reduced (p < .0001); compared with the MPTP group, the IL-10 expression
level of the mice in the DA5-CH intervention group was significantly increased (p <.0001), the IL-10 expression level of mice in the NLYO1
intervention group decreased slightly (p < .05), and the IL-10 expression level of mice in the DA5-CH intervention group decreased more

(p <.0001). (b) Compared with the control group, the IL-6 expression level of mice in the MPTP group was significantly increased (p<.0001);
compared with the MPTP group, the IL-6 expression level of the DA5-CH intervention group was significantly reduced (p<.0001), while the IL-6
expression level of mice in the NLYO1 intervention group was not statistically significant (p > .05). (c) Compared with the control group, the IL-13
expression level of mice in the MPTP group was significantly increased (p <.0001); compared with the MPTP group, the IL-18 expression level of

the mice in the DA5-CH intervention group was significantly reduced (p <.0001), the IL-13 expression level changes of mice in the NLYO1
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intervention group were not statistically significant (p > .05).

= p <.0001 compared with the control group; ** = p <.01 compared with the

control group; ### = p <.0001 compared with the MPTP group; ## = p < .01 compared with the MPTP group; # = p < .05 compared with the
MPTP group; %%% = p < .0001 compared with the M+DA5-CH group. n = 6 per group

GDNF positive cells in the NLYO1 intervention group was not statisti-
cally changed. Difference (p > .05). See Figure 14(b). Compared with
the MPTP group, the number of BDNF positive cells in the DA5-CH
intervention group and the NLYO1 intervention group was significantly
reduced (p <.0001), and the number of BDNF positive cells in the DA5-
CH intervention group was more significantly reduced than that of the
NLYO1 intervention group (p < .0001). See Figure 14(d).

4 | DISCUSSION

PD is a degenerative disease of the nervous system with complex mech-
anisms. It has now caused a high burden on the society, and its eti-
ology and pathogenesis are still unclear. The MPTP mouse model is
a classic animal model of PD which recapitulates the main pathologi-
cal features of PD (Bove & Perier, 2012). MPTP is a fat-soluble agent
that can quickly pass through the blood-brain barrier. It is taken up
via the dopamine transporter and kills dopaminergic neurons through
oxidative damage and inhibition of mitochondrial respiratory chain
complexes, resulting in a decrease in dopaminergic neurons, and motor
and non-motor disorders that resemble PD (Bove & Perier, 2012; Ger-
lach et al., 1991). Among them, the reduction of striatal dopamine level
is an important factor leading to characteristic motor symptoms, which
are also the key to the diagnosis of PD. After intraperitoneal injec-
tion, MPTP is converted into the positively charged toxic metabolite
1-methyl-4-phenylpyridine (MPP+) by monoamine oxidase-B (MAO-
B). MPP+ causes a range of effects, which may involve mechanisms
such as chronic inflammation, reduced energy utilization, apoptosis,
and mitochondrial oxidation (Kopin & Markey, 1988; Nakamura & Vin-
cent, 1986).

GLP-1 and GIP are peptide hormones with neuroprotective proper-
ties. A range of receptor agonists including dual GLP-1/GIP receptor
agonists have shown clear neuroprotective effects in animal models of
PD. They act as growth factors that normalize energy utilization, cell
repair, synaptic activity and reduce the chronic inflammation response
(Holscher, 2018). Importantly, a GLP-1 receptor agonist has shown
good protective and disease-modifying effectsin PD patients as shown
in reduced disease progression even 3 months after drug administra-
tion had stopped (Athauda et al., 2017), and improvement of growth-
factor signaling in the brain (Athauda et al., 2019). Compared with a
single GLP-1 or GIP receptor agonist, the new dual GLP-1/GIP recep-
tor agonist DDA5-CH with a TAT sequence attached, which crosses
the blood-brain barrier at an enhanced rate compared to single GLP-1
receptor agonists (Li et al., 2020; Zhang et al., 2020), exhibits superior
neuroprotection in different animal models (Feng et al., 2018; Zhang
et al., 2020). The results show that crossing the BBB is an important
property for successful drug action. NLYO1 is an exendin-4 peptide with
a 40kDA pegylation (Yun et al., 2018). We and others have shown that
pegylated peptide hormones do not readily cross the BBB (Salameh
et al., 2020; Zhang et al., 2020). We show here that NLYO1 enters the
brain only at very limited quantities, confirming earlier studies. NLYO1
had been tested in mouse models of PD or inflammation, and using the
same technique that we used here, they showed that NLYO1 does not
readily cross the BBB in wild-type mice (Yun et al., 2018) (see Figure
S2). This can explain the fact that NLYO1 showed virtually no effects
in the different measurements presented here, while non-pegylated
exendin-4 does show good neuroprotective effects in PD (Athauda &
Foltynie, 2018; Bertilsson et al., 2008; Holscher, 2016; Kim et al., 2009;
Li et al., 2009). Non-pegylated exendin-4 enters the brain quickly and
therefore can act in the CNS while NLYO1 cannot (Salameh et al., 2020).
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FIGURE 14 (a) Staining of GDNF in the striatum. (b) Compared with the control group, the number of GDNF positive cells in the MPTP group

was significantly reduced (p <.0001); compared with the MPTP group, the number of GDNF positive cells in the DA5-CH intervention group was
significantly reduced (p <.0001), There was no statistical difference in the number of GDNF-positive cells in the NLYO1 intervention group
(p>.05). (c) Stained image of BDNF cells in the striatum. (d) Compared with the control group, the number of BDNF positive cells in the MPTP
group was significantly reduced (p <.0001); compared with the MPTP group, the number of BDNF positive cells in the DA5-CH intervention group
and the NLYO1 intervention group was significantly reduced (p < .0001), the DA5-CH intervention group had a more significant decrease in the
number of BDNF positive cells than the NLYO1 intervention group (p <.0001). *** = p <.0001 compared with the control group; ** =p < .01
compared with the control group; * = p <.05 compared with the control group; ### = p<.0001 compared with the MPTP group; %%% = p <.0001
compared with the M+DA5-CH group. Shown are representative images, scale bar is 50 um. n = 6 per group

There is increasing evidence that impaired brain insulin signaling
play a role in the pathogenesis of Parkinson’s disease (Athauda &
Foltynie, 2016; Bosco et al., 2012; Cheong et al., 2020). GLP-1 ana-
logues can improve insulin desensitization in the brain, which may be
one of the mechanisms of action of these drugs (Gao et al., 2013; Li
et al., 2020; Shi et al., 2017). In addition, MPTP treatment can induce
chronic inflammation of the brain and cause microglia to produce a
large number of inflammatory cytokines (Bove & Perier, 2012). Chronic
inflammation of the CNS is a key driver of PD and can be facilitated by
diabetes (Cheong et al., 2020; Clark & Vissel, 2014; Ferrari & Tarelli,
2011; Hirsch & Hunot, 2009). In the early stage of PD, microglia are
not activated into the chronic inflammatory state and help to protect
neurons and clear up debris. As the disease progresses, the release of
inflammatory factors gradually increases, leading to the activation of
microglia (Blandini, 2013). Among them, the chronic inflammation pro-
cess can lead to a decrease in the level of microglia-derived GLP-1.
Then, the inflammatory factors activate astrocytes, and like microglia,

astrocytes become reactive astrocytes after being stimulated, which
can produce pro-inflammatory cytokines in vivo and in vitro (Ferrari
& Tarelli, 2011; Orr et al., 2002). Reactive astrogliosis is character-
ized by increased expression of glial fibrillary acidic protein (GFAP) and
enlarged cell bodies in many inflammatory pathways. Previous stud-
ies have elucidated the significance of NF-xB in the central nervous
system. NF-xB can be regulated by TLRs. Among them, the activation
of microglia through TLR4/NF-xB plays an important role in initiat-
ing the innate immune response (Ferrari & Tarelli, 2011). The two glial
cell-specific inflammatory factors are TNF-a, IL-6 and IL-13, which can
directly activate cytokines to induce dopaminergic neuron apoptosis.
It has been reported that in the MPTP model of PD, the inflamma-
tory response has been determined and the pro-inflammatory cytokine
TNF-a level has been detected to increase (Bove & Perier, 2012;
Schintu et al., 2009; Yuan et al., 2017; Zhang et al., 2019). The results of
our study demonstrate that DA5-CH can reduce the chronic inflamma-
tion response while NLYO1 is not effective at the dose tested. In spite
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of a recent publication that claims good anti-inflammatory effects of
NLYO1 (Yun et al., 2018), our study clearly demonstrates that the effect
is very limited.

When comparing the two drugs in motor tasks and muscle strength
assessments, DA5-CH showed robust improvements, while NLYO1 was
weak in improving PD related motor impairments. Nowadays, in clini-
cal practice, gait is an important indicator for evaluating PD dyskine-
sia, which canreflect the stability and coordination of walking. DA5-CH
significantly improved the motor behavior disorder of MPTP mice, but
NLYO1 was not effective. When analyzing the effects of the drugs on
dopamine synthesis in the SN, specifically Tyrosine hydroxylase (TH)
which is the rate-limiting enzyme in the dopamine synthesis pathway
that is responsible for converting tyrosine to L-dopa, we showed that
DA5-CH was effective in normalizing the levels of TH expression after
MPTP treatment, while NLYO1 treatment was ineffective in increasing
the level of TH-positive cells in the substantia nigra of MPTP treated
mice.

GDNF is a key growth factor for neuronal development and repair
and has been shown to have a specific effect on midbrain dopaminergic
neurons that show the earliest degeneration in PD. Infusion of GDNF
into the striatum into the ventricle and brain parenchyma can improve
neurodegeneration. The striatum and substantia nigra dopamine levels
were significantly increased (Lin et al., 1993). In addition, brain-derived
neurotrophic factor (BDNF) is widely expressed throughout the brain
and peripheral nervous system (He et al., 2013), and the strongest asso-
ciation with it is motor-related neurons, including the primary motor
cortex, basal ganglia and substantia nigra. BDNF can improve the sur-
vival of dopaminergic neurons, and the lack of BDNF can lead to the
occurrence of PD (Frazzitta et al., 2014; Zuccato & Cattaneo, 2009).
Studies have shown that the reduced level of BDNF is related to the
severity of the disease, suggesting that BDNF may play a role in the
pathogenesis of the disease (Allen et al., 2013; Frazzittaet al., 2014; He
et al., 2013). This study proves that DA5-CH can increase the expres-
sion of GDNF and BDNF in midbrain tissue, and provide a new direc-
tion for the study of the therapeutic mechanism of new GLP-1/GIP dual
agonists for Parkinson’s disease. In contrast, NLYO1 was not effective.

It is believed that abnormal accumulations of a-Syn in the brain
plays a role in the development of PD. We have previously shown that
GLP-1 and GLP-1/GIP receptor agonists can normalize autophagy
in neurons and can lower the levels of a-Syn (Panagaki et al., 2017,
2018; Zhang et al., 2019). NLYO1 did not reduce levels of a-Syn at the
dose chosen. In contrast, DA5-CH lowered levels significantly. We
believe the reason is linked to the inability of NLYO1 to effectively
cross the BBB. NLYO1 is currently being tested in a phase |l clinical trial
in PD patients (NCT04154072), and it will be possible to compare the
outcome with the effects of un-pegylated exendin-4 from a study that
has been finished and that showed good effects (Athauda et al., 2017,
2019).

In conclusion, we were able to demonstrate that the novel dual GLP-
1/GIP receptor agonist DA5-CH which has a CPT modification to cross
the BBB at an enhanced rate is capable of improving a range of key
pathological features of PD in the MPTP mouse model. The pegylated
peptide NLYO1 did not show comparable effects and would need to

LV ETAL.

be dose at much higher doses, enhancing side effects in the periphery.
DA5-CH appears to be a potent drug with great potential as a novel
treatment for PD.
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