A novel GLP-1/GIP dual agonist is more effective than liraglutide in reducing inflammation
and enhancing GDNF release in the MPTP mouse model of Parkinson’s disease
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Abstract

Type 2 diabetes mellitus (T2DM) is one of the risk factors for Parkinson's disease (PD).
Insulin desensitisation has been observed in the brains of patients, which may promote
neurodegeneration. Incretins are a family of growth factors that can re-sensitise insulin
signalling. We have previously shown that mimetics of glucagon-like peptide-1 (GLP-1) and
glucose-dependent insulinotropic polypeptide (GIP) have neuroprotective effects in the 1methyl-4-phenyl-1,2,3,6-tetrahydropypridine (MPTP) mouse model of PD. Recently, dual
GLP-1/GIP receptor agonists have been developed. We therefore tested the novel dual
agonist DA3-CH in comparison with the best GLP-1 analogue currently on the market,
liraglutide (both drugs 25nmol/kg ip once-daily for 7 days) in the MPTP mouse model of PD
(25mg/kg ip once-daily for 7 days). In the Rotarod and grip strength assessment, DA3-CH
was superior to liraglutide in reversing the MPTP–induced motor impairment. Dopamine
synthesis as indicated by levels of tyrosine hydroxylase was much reduced by MPTP in the
substantia nigra and striatum, and DA3-CH reversed this while liragutide only partially
reversed this. The chronic inflammation response as shown in increased levels of activated
microglia and astrocytes was reduced by both drugs. Importantly, expression levels of the
neuroprotective growth factor Glial Derived Neurotrophic Factor (GDNF) was much
enhanced by both DA3-CH and liragutide. The results demonstrate that the combination of
GLP-1 and GIP receptor activation is superior to single GLP-1 receptor activation alone.
Therefore, new dual agonists may be a promising treatment for PD. The GLP-1 receptor
agonist exendin-4 has already shown disease modifying effects in clinical trials in PD
patients.
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1. Introduction

Parkinson disease (PD) is a neurodegenerative chronic disorder. Because of the increase in
life expectancy in the industrialised nations, patient numbers are on the increase (Schapira,
2013). PD is diagnosed by characteristic motor impairments (Langston, 2002), caused by a
reduction in striatal dopamine levels, which is due to the loss of dopaminergic neurons in the
substantia nigra (Moore et al., 2005; Wakamatsu et al., 2008). Importantly, type 2 diabetes
(T2DM) has been identified as a risk factor for PD (Hu et al., 2007; Schernhammer et al.,
2011; Sun et al., 2012; Wahlqvist et al., 2012). Insulin signaling in the brain plays an
important role in neuronal metabolism, repair, and synaptic efficacy (Freiherr et al., 2013;
Ghasemi et al., 2013; van der Heide et al., 2006). Insulin desensitisation has been observed in
the brains of patients with PD (Aviles-Olmos et al., 2013b; Moroo et al., 1994; Morris et al.,
2011). Protease-resistant analogues of incretin hormones have been developed to treat T2DM
(Campbell and Drucker, 2013; Holst, 2004). The incretin hormones are glucagon-like
peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) (Baggio and
Drucker, 2007; Campbell and Drucker, 2013; Doyle and Egan, 2003). Mimetics of GLP-1
and GIP have shown neuroprotective effects in animal models of Alzheimer’s disease
(Bomfim et al., 2012; Duffy and Holscher, 2013; Faivre and Holscher, 2013a, b; Li et al.,
2010; McClean et al., 2011) and were found to re-sensitise insulin signaling in the brain
(Long-Smith et al., 2013). GLP-1 receptor agonists also have neuroprotective effects in
animal models of PD (Bertilsson et al., 2008; Harkavyi et al., 2008; Li et al., 2009; Liu et al.,
2015a; Zhang et al., 2015). The GLP-1 mimetic exendin-4 showed protective effects in a
pilot clinical study in PD patients (Aviles-Olmos et al., 2013a; Aviles-Olmos et al., 2014).
We previously tested GLP-1 or GIP analogues in the 1-methyl-4-phenyl-1,2,3,6tetrahydropypridine (MPTP) mouse model of PD, demonstrating that both incretin signaling
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pathways protect the brain from the MPTP induced pathology such as motor impairment,
increase of a-synuclein levels, chronic inflammation in the brain, loss of dopaminergic
neurons, oxidative stress and growth factor expression (Ji et al., 2016a; Li et al., 2016; Liu et
al., 2015a; Liu et al., 2015b; Zhang et al., 2015).
Recently, dual GLP-1/GIP receptor agonist peptides have been developed as a treatment of
T2DM. These dual receptor agonists show superior effects to single GLP-1 analogues such as
liraglutide (Finan et al., 2013). We tested a novel dual agonist (DA-JC1) in rotenone stressed
SH-SY5Y cells and demonstrated that it was cytoprotective at much lower doses than single
GLP-1 or GIP receptor agonists (Jalewa et al., 2016). We furthermore tested DA-JC1 in the
MPTP mouse model of PD, which showed some protective effect but which was not superior
to liraglutide (Cao et al., 2016; Ji et al., 2016b). On the basis of this, we tested the novel
GLP-1/GIP dual agonist DA3-CH and compared it to the currently most effective GLP-1
analogue liraglutide on the market (Lovshin and Drucker, 2009) in the MPTP mouse model
of PD to investigate if this dual receptor agonist is more effective in protecting the brain than
a single GLP-1 receptor agonist.

2. Materials and methods

2.1 Animals and drug treatment
Eight weeks old adult male C57BL/6 mice (15-20g) were obtained from the Academy of
Military Medical Sciences (AMMS China). The animals were maintained under 12h
light/dark cycles, at 22 ± 3°C and 50-55% humidity with food and water ad libitum. All
animal procedures were licensed by the Shanxi Medical University ethics committee and
performed in accordance to National Institute of Health (NIH) guideline (NIH publication
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NO. 85-23. Revised 1985). Mice were randomly divided into four groups: 1) control (saline
treated) group, 2) MPTP only treated group (once daily 25mg/kg ip. for 7 days), 3) MPTP
(once daily 25mg/kg ip. for 7 days) followed immediately by liraglutide treated group
(25nmol/kg ip. once daily), and 4) the MPTP (once daily 25mg/kg ip. for 7 days) followed
immediately by DA3-CH (25nmol/kg ip. once daily) treated group. N=10 per group. The
experiment lasted 7 days. A timeline is shown in fig. 1.

2.2 Peptides
The dual agonist DA3-CH and liraglutide (Peptide Purity: 95.77%) were obtained from
Chinapeptides Ltd (Shanghai, China). The purity of the peptide was confirmed by reversedphase HPLC and characterised using matrix assisted laser desorption/ionisation time of flight
(MALDI-TOF) mass spectrometry.

Peptide sequence for GLP-1 (human)
HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR-NH2

Peptide sequence for GIP (human)
YAEGTFISDYSIAMDKIHQQDFVNWLLAQKGKKNDWKHNITQ-NH2

Peptide sequence of the GLP-1/GIP dual agonist DA3-CH (Finan et al., 2013):
YXEGTFTSDYSIYLDKQAAXEFVNWLLAGGPSSGAPPPSK-NH2

X = aminoisobutyric acid

5

2.3 Glucose measurements
Blood plasma glucose levels were tested two h after injection on the first and last day. The
Sannuo rapid detection blood glucose meter, product number 1304110 (Sinocare Inc. in
Changsha, China) was used to test blood sampled from the tail vein. Levels are reported as
mmol/l.

2.4 Motor activity tests
RotaRod test
Motor coordination was evaluated on a RotaRod (YLS-4C, Academy of medical sciences in
Shandong, China) consisted of a five-lane rotating rod (diameter 7.5 cm) designed for mice.
Animals were tested with a few runs to familiarize the animals to the procedure. Animals
were positioned on a rotating rod accelerating from 5 rpm-20 rpm (14,000 g) over a 180 s
time period. Mice that completed the task received a final latency time of 180 s. The length of
time the mouse was able to stay on the rotating rod was recorded.

Grip strength test
Muscle grip strength was assessed 4 h after MPTP injection by a grip test as previously
published (Luo et al., 2011). The mouse was placed onto a horizontal wire, which the mouse
gripped by its front paws. The mice were scored 3 for gripping the wire with both paws, 2 for
gripping the wire with one paw, and 1 for not gripping the wire with either paw. The test was
repeated three times for each mouse on day 1 and on day 7 of the experiment.

2.5 Immunohistochemistry
Anesthetized mice were transcardially perfused with cold paraformaldehyde 4 %. The brain
was isolated and fixed in 4%PFA. Then the brains were embedded in paraffin. Coronal
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sections were cut at a 5-μm thickness with a microtome (Leica, Germany). Sections were
incubated with primary Ab for 2h at 37°C: anti-TH 1:200 (Abcam, Cambridge, UK), GFAP
1:500 (Abcam, Cambridge, UK), Iba1 1:4000 (Abcam, Cambridge, UK), anti-GDNF 1:100
(Abcam, Cambridge, UK), Sections were then incubated with secondary Ab biotinconjugated goat anti- mouse (KPL) for 30min at 37°. Staining was visualized using a solution
of 0.05 % 3,3’-diaminobenzidine (DAB), 50 mM Tris–HCl pH 7.2, 0.02 % H2O2. Images
were captured with an Olympus BX51 microscope. Microglial and astroglia cells were
analysed with ImageJ program in a double- blind design. The images were analysed for
staining intensity which represents the level of target protein present. Four sections were
randomly chosen through the midbrain, with a total of 12 sections per individual animal using
unbiased stereological rules. The striatum and the substantia nigra was analysed as shown in
the sample images. All analysis was done blind to treatment.

2.6 Western blots
At the end of a week, animals were anesthetised with pentobarbital (40 mg/kg body weight),
and cardiac perfusion was carried out using 0.01 M phosphate-buffered saline (PBS) at pH
7.4 to wash out the blood. The brains were snap frozen and stored at -8 0 °C for further use.
The midbrain and striatum regions were dissected out from one hemisphere. Protein extracts
were prepared from the ventral midbrain regions and homogenized in an ice cold RIPA
buffer (containing1% deoxycholate,1% Triton X-100,0.1%SDS) and phenyl-methylsulfonyl
fluoride (PMSF). Homogenates were then centrifuged at 12,000rpm, at 4 °C for 10 min, and
the supernatant was collected for analysis. Protein concentration was determined by BCA
Protein Assay Kit. Samples were then added with loading buffer to the same concentration,
boiled, cooled and centrifuged. Upon use, SDS (12%) was added to the homogenate.
Approximately 10-30 μg of protein was run on a Tris–HCl gel (Bio-Rad, Richmond, USA)
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which was run at 80V for 30 min, and 120V for 1h, and transferred to a PVDF membranes
(Bio-Rad, Richmond, USA) at 100-120mA for 40 min. Membranes were blocked in 5% milk
for 2 h at room temperature. Primary antibodies, which were incubated overnight at 4 °C,
were: anti-Iba1 1:1000 (Abcam, UK), anti-GFAP (glial fibrillary acidic protein) 1:10000
(Abcam, Cambridge, UK), anti-GDNF 1:500 (Abcam, Cambridge, UK), β-actin 1:3000.
Secondary antibodies used anti-rabbit IgG peroxidase conjugated (Boster, China) at 1:3000 to
1:5000 concentrations respectively, and incubated at room temperature for 1 h. Before this,
PVDF membranes were washed three times in TBST for 10 min. Blots were visualized with
Molecular Imager ChemiDoc™ XRS+ (Bio-Rad, Richmond, USA). Optical density
measurements were taken by Image Lab™ Software version 2.0.

2.7 Statistical analysis
All data were displayed as means standard, error bars represent S.E.M.. Data were analysed
using the statistical package Prism (Graphpad software, USA). Repeated measures analysis of
variance using a one-way or two-way ANOVA were used, followed by Tukey’s multiple
comparison test for post-hoc comparison. Probability value less than 0.05 was considered to
be statistically significant.

3. Results

3.1 Body weight and blood plasma glucose levels are not affected by the drugs
When measuring blood plasma glucose levels and body weight of the duration of the
experiment, a repeated measure one-way ANOVA did not find an overall difference
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between groups in glucose levels (p>0.05, Fig. 2A) and a repeated measure two-way ANOVA
did not find a difference in body weight between groups (p>0.05, Fig. 2B). N=10 per group.

3.2 Motor performance in the Rotarod test is rescued by the drugs
The ability of remaining on the Rotarod was severely impaired by MPTP and improved by
liraglutide and by DA3-CH. A repeated measure one-way ANOVA found an overall difference
between groups (P<0.001), and Tukey’s multiple comparisons post-hoc tests found that the
MPTP group and the Liraglutide +MPTP group showed impaired motor control than from
the control group (P<0.001). However, the MPTP group was more impaired when compared
to the Liraglutide +MPTP group (P<0.01) or to the DA3 +MPTP group (P<0.001). Importantly,
the Liraglutide +MPTP group was more impaired compared to the DA3 +MPTP group
(P<0.001) (Fig. 3A). When plotting the results for each day, a repeated measure two-way
ANOVA found a difference between groups (P<0.001) and over time (P<0.05),
demonstrating that animals improved over time (Fig. 3B). DA3-CH was the more potent
drug. N=10 per group.

3.3 Grip strength was impaired by MPTP and was improved by drug treatment
When testing grip strength on day 1 and 7 (4h after MPTP injection), a repeated measures
two-way ANOVA found a difference between groups (P<0.001) but not over time (p>0.05). A
Tukey post-hoc test found differences between groups. On day 1 and 7, the control group
performed best compared to the other groups (P<0.001). The Liraglutide +MPTP group
performed worse compared to the DA3+MPTP group (P<001). On day 1, the MPTP group
performed worse when compared to the Liraglutide +MPTP group (P<0.001) or to the DA3
+MPTP group (P<0.001). On day 7, however, the MPTP group impairment differed from the
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Liraglutide +MPTP group impairment only moderately (P<0.05), while the difference to the
DA3 +MPTP group performance was much higher at (P<0.001). This demonstrates that DA3CH was the more potent drug. See fig. 4. N=10 per group.

3.4 Dopamine synthesis is impaired by MPTP and rescued by the two drugs
When assessing the levels of tyrosine hydroxylase (TH) in neurons in the substantia nigra
and in axonal fibres in the striatum, a one-way ANOVA found an overall difference between
groups (P<0.001). In Tukey’s multiple comparison’s tests, MPTP was shown to clearly reduce
the expression levels, and the two drugs were able to reverse this to some extent. DA3-CH
was the more potent drug. In the substantia nigra, TH levels in the control group were
highest in all groups (P<0.001). Levels in the DA3+MPTP group were highest compared to
the Liraglutide+MPTP group (P<0.001) and the MPTP group (P<0.001). See Fig. 5A. In the
striatum, TH levels in the control group were highest in all groups (P<0.001) except the
DA3+MPTP group, where the difference was only (P<0.05), indicating that DA3-CH had
improved the levels. The Liraglutide +MPTP group showed lower levels than the DA3+MPTP
group (P<0.01), but higher than the MPTP group (P<0.001). The DA3+MPTP group also
showed higher levels than the MPTP group (P<0.001). N=10 per group. See Fig. 5B.

3.5 The chronic inflammation response in the brain was improved
When analysing GFAP levels (astrogliosis) and IBA-1 levels (microgliosis), a one-way ANOVA
found an overall difference between groups (P<0.001). GFAP levels in the control group
were found to be far lower compared to the other groups as shown in a Tukey’s post hoc
test (P<0.001), except for the DA3+MPTP group, where the difference to controls was only
(P<0.05), indicating an improvement and a reduction of the MPTP-induced inflammation by
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DA3-CH. This was verified in the statistical analysis comparing the DA3+MPTP group with
the MPTP and the Liraglutide+MPTP group, showing reduced inflammation (P<0.001). The
Liraglutide+MPTP group showed a clear reduction of inflammation compared to the MPTP
group (P<0.001). See Fig. 6A. When assessing IBA-1 levels in the control group, they were
found to be lower than in the other groups as shown in a Tukey’s post hoc test (P<0.001)
but identical to the DA3+MPTP group (n.s.). This shows that the DA3-CH drug reduced
microgliosis. The DA3+MPTP group differed from the MPTP and the Liraglutide+MPTP
group, demonstrating that DA3-CH reduced microgliosis (P<0.001). The Liraglutide+MPTP
group showed reduced microgliosis compared to the MPTP group (P<0.001). DA3-CH was
the more potent drug. N=10 per group. See Fig. 6B.

3.6 Levels of the growth factor GDNF were improved
When analysing GDNF levels, a one-way ANOVA found an overall difference between groups
(P<0.001). GDNF levels in the DA3+MPTP group were found to be higher compared to the
other groups in a Tukey’s post hoc test (P<0.001). The DA3+MPTP group showed higher
levels compared to the MPTP and the Liraglutide+MPTP group (P<0.001). The
Liraglutide+MPTP group showed higher levels compared to the MPTP group (P<0.001). DA3CH was the more potent drug. N=10 per group. See Fig. 7.

3.7 Western blot analysis of GDNF, GFAP and IBA-1 levels
When analysing GDNF levels using the western blot technique, a one-way ANOVA found an
overall difference between groups (P<0.001). The control group had the highest levels
compared to the MPTP group (P<0.001) and the Liraglutide+MPTP group (P<0.01) but not to
the DA3+MPTP group. The impairment caused by MPTP was reversed by DA3-CH. The MPTP
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group showed lower levels compared to the Liraglutide+MPTP group (P<0.01) and the
DA3+MPTP group (P<0.001). The Liraglutide+MPTP group had lower levels compared to the
DA3+MPTP group (P<0.01), so DA3-CH was the more potent drug. See Fig. 8A.
When analysing GFAP levels, a one-way ANOVA found an overall difference between groups
(P<0.001). The control group showed lower levels than the MPTP group (P<0.001) and the
Liraglutide+MPTP group (P<0.01) but not the DA3+MPTP group. Again, this shows that DA3CH prevented the inflammation induced by MPTP. The MPTP group had higher levels than
the Liraglutide+MPTP group (P<0.01) and the DA3+MPTP group (P<0.001). The
Liraglutide+MPTP group had higher levels than the DA3+MPTP group (P<0.01). DA3-CH was
the more potent drug. See Fig. 8B.
When analysing IBA-1 levels, a one-way ANOVA found an overall difference between groups
(P<0.001). The control group had lower levels than the MPTP group (P<0.001) and the
Liraglutide+MPTP group (P<0.05) but did not differ from the DA3+MPTP group. The MPTP
group had higher levels than the DA3+MPTP group (P<0.001). The Liraglutide+MPTP group
had higher levels from the DA3+MPTP group (P<0.01). DA3-CH was the more potent drug in
reducing microgliosis. See Fig. 8C. N=4.

4. Discussion

The data presented here demonstrate that both the GLP-1 analogue liraglutide and the novel
GLP-1/GIP dual receptor agonist DA3-CH have neuroprotective properties in the MPTP
mouse model of PD. MPTP is lipophilic and can cross the blood–brain barrier (BBB). In
neurons, MPTP is metabolised into the toxic cation 1-methyl-4-phenylpyridinium (MPP+) by
monoamine oxidase B (Glover et al., 1986). MPP+ has been shown to kill primarily
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dopamine-producing neurons in the substantia nigra (Nakamura and Vincent, 1986). MPP+
blocks complex 1 in the mitochondrial electron transport chain, which leads to the production
of free radicals and to cell death (Kinemuchi et al., 1987; Smith and Bennett, 1997).
Liraglutide and DA3-CH have been developed as treatments for type 2 diabetes (Finan et al.,
2013; Lovshin and Drucker, 2009). Importantly, as shown previously, GLP-1 analogues do
not greatly affect blood plasma glucose levels or body weight in non-diabetic or non-obese
animals or humans (Faivre et al., 2012; Gallwitz, 2006; George et al., 2014). We were able to
show that neither liraglutide nor DA3-CH had prominent effects on body weight or blood
glucose levels. In the motor tasks, both drugs were able to counteract the detrimental effects
of MPTP on motor coordination and grip strength. DA3-CH was significantly more effective
than liraglutide. MPTP causes a decrease of protein synthesis of key enzymes such as
tyrosine hydroxylase (TH), an enzyme that is required for dopamine synthesis. Both drugs
were able to protect dopaminergic neurons to some degree, with DA3-CH again being more
effective than liraglutide. It is of interest to note that grip strength was very much impaired
on day 1 after MPTP treatment, in contrast to rotarod performance. This result is in line with
previous results using these techniques (Cao et al., 2016). This difference demonstrates that
the toxin affects muscle strength to a much higher degree than sensorimotor coordination as
measured in the rotarod. Chronic inflammation is a key aspect of PD, and the activation of

microglia and astrocytes lead to release of pro-inflammatory cytokines, enhanced oxidative
stress, synaptic failure, reduced energy utilisation and mitochondrial damage (Moran and
Graeber, 2008; Tansey and Goldberg, 2010). Both drugs tested reduced the activation of
microglia and astrocytes by MPTP, which may be an important part in the neuroprotective
properties of these incretin analogues. Glial-derive neurotropic factor (GDNF) is a key
growth factor that is important for the differentiation and function of dopaminergic neurons.
Its role in neuronal metabolism and its neuroprotective profile has been well established
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(Airaksinen and Saarma, 2002; Broome et al., 1999; Drinkut et al., 2012; Kordower and
Bjorklund, 2013; Moran and Graeber, 2008). Long-lasting analogues of GDNF are currently
under investigation as a potential treatment of PD (see eg. NCT01621581), but as GDNF
cannot cross the blood-brain barrier (BBB) (Allen et al., 2013), no effective treatment has
been developed yet. GLP-1 and GIP are members of the growth factor family (Holscher,
2014). We have previously shown that GLP-1 or GIP analogues enhance the expression of
Brain-Derived Neurotrophic Factor (BDNF) (Ji et al., 2016b; Li et al., 2017), a growth factor
that protects synaptic activity from stressors (Nagahara et al., 2009). GLP-1 and GIP can
cross the BBB (Dogrukol-Ak et al., 2004; Hunter and Holscher, 2012; Kastin et al., 2002)
and enhance the expression of key growth factors such as BDNF or GDNF. Therefore, the
increase of the expression of these neuroprotective growth factors by incretin analogues may
explain some of the neuroprotective effects that we and others have shown. In our study, the
dual receptor agonist was more potent than the single GLP-1 receptor agonist in upregulating
GDNF expression. The slight discrepancy between the results obtained using the histology
and the western blot method can be explained by the different sensitivity in detecting the
target. The western blot analysis is the more accurate technique in quantifying protein levels.
Previously we tested GLP-1 or GIP receptor agonists in the MPTP mouse model of PD. We
found that the second generation GLP-1 mimetics liraglutide and lixisenatide were more
effective than the first generation drug exendin-4. Motor coordination and activity was
improved by the newer GLP-1 mimetics, and the expression of TH was also rescued by both
drugs. Importantly, levels of the pro-apoptotic signal BAX were reduced, the cell survival
signal Bcl-2 was increased by both drugs (Liu et al., 2015a). Similar protective effects were
observed with the GLP-1 analogue (Val8)GLP-1-Glu-PAL (Zhang et al., 2015). We also
tested a protease-resistant analogue of GIP, D-Ala2-GIP-glu-PAL, in the acute MPTP mouse
model of PD. This GIP analogue also reduced the effects of MPTP on motor activity and
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coordination, and TH levels in the substantia nigra and striatum were enhanced. MPTP
treatment reduced synapse numbers in the striatum, and the GIP analogue reversed this to
some degree. Importantly, the cAMP/PKA/CREB growth factor second messenger signalling
pathway was activated by this drug (Li et al., 2016). In a chronic MPTP study, we observed
further neuroprotective effects induced by this GIP analogue. Moreover, MPTP treatment
increased the levels of alpha-synuclein in the brain, and D-Ala2-GIP-glu-PAL reduced these
levels to almost normal values. D-Ala2-GIP-glu-PAL also reduced the chronic inflammation
response in the brain, reduced oxidative stress and lipid peroxidation, and increased the
expression of Brain Derived Neurotrophic Factor (BDNF) (Li et al., 2017).
Based on our findings, novel dual GLP-1/GIP receptor agonists are a promising new strategy
that may show improved neuroprotective effects than single GLP-1 or GIP analogues. Such
novel dual agonists have already shown superior effects in preclinical and clinical trials in
diabetes. compared to lirglutide (Finan et al., 2013). One of these dual agonists that we
named DA-JC1 reduced the MPTP-induced impairment of motor control, increased the level
of TH positive neurons in the substantia nigra, reduced the activation of microglia and
astrocytes, enhanced growth factor cell signalling such as Pi3k activity and Bcl-2 and BDNF
levels, while reducing pro- apoptotic BAX signalling (Cao et al., 2016; Ji et al., 2016b). We
also tested DA-JC1 in the 6-OHDA rat model of PD where it displayed good neuroprotective
effects and enhanced dopamine levels in the striatum (Jalewa et al., 2017). However, the
effects were not superior to liraglutide, and higher doses were required to see the effects
previously demonstrated with single GLP-1 analogues. We therefore tested the novel DA3CH dual agonist in direct comparison with liraglutide and show here for the first time that
this dual agonist not only shows good neuroprotective effects in the MPTP mouse model of
PD, but that it is superior to liraglutide. DA-JC1 differs from the DA3-CH dual agonist
mainly in the addition of a C16 fatty acid that enhances the survival time in the blood stream
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but reduces BBB permeability.
Based on the extensive preclinical data, clinical trials have started that investigate the
neuroprotective effects of exendin-4 (Byetta, Bydureon®) and liraglutide (Victoza®), drugs
that are already on the market as T2DM treatments, in PD patients. A pilot trial of exendin-4
in PD patients has already shown good effects (NCT01174810). This pilot study tested the
effects of exendin-4 in 45 patients. There were clear improvements in the motor coordination
as assessed in the MDS-UPDRS tests, and cognition was improved as measured by the Mattis
DRS-2 test battery that had been designed to evaluate cognitive impairments in PD patients
(Aviles-Olmos et al., 2013a). Patients were re-tested 12 months later, and the differences in
motor performance and cognitive scores was still visible (Aviles-Olmos et al., 2014). This
test was important as the pilot study was an open label trial. The fact that the drug
improvement was still observed 12 months after the trial had stopped suggests that the
difference in performance is not due to a placebo effect. A phase II double-blind, placebo
controlled clinical trial that tested the once-weekly formulation of exendin-4, Bydureon®,
has been completed (NCT01971242), but the results have not been published at the time of
writing. A phase II trial testing liraglutide in PD patients has started in Sept. 2016, testing
patients in a double blind, placebo controlled trial for one year (NCT02953665). A further
clinical trial testing the GLP-1 receptor agonist Lixisenatide in PD patients is in planning.
As clinical trials of novel dual GLP-1/GIP analogues in diabetes patients are ongoing, it is
highly likely that several of these will be brought to the market. Once these drugs are
licenced for use in patients, they can be fast-tracked into clinical trials in PD patients
(Hölscher, 2016).
Conclusion: The data that we present here demonstrate that novel dual GLP-1/GIP receptor
agonists such as DA3-CH can show superior neuroprotective effects compared to single
GLP-1 receptor agonists, and hold promise to be developed as a drug treatment that is
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superior in treating PD.

Acknowledgements
This work was supported by a grant of the Cure Parkinson’s Trust UK, and a fellowship to
C.H. under the ‘100 Foreign Expert’ scheme of the Shanxi province government. Conflict of
interest: Dr. Holscher is a named inventor on a patent submitted by Lancaster University on
the use of dual GLP-1/ GIP analogues in neurodegenerative. The other authors do not declare
a conflict of interest.

References

Airaksinen, M.S., Saarma, M., 2002. The GDNF family: signalling, biological functions and
therapeutic value. Nat Rev Neurosci 3, 383-394.
Allen, S.J., Watson, J.J., Shoemark, D.K., Barua, N.U., Patel, N.K., 2013. GDNF, NGF and BDNF
as therapeutic options for neurodegeneration. Pharmacology & therapeutics 138, 155175.
Aviles-Olmos, I., Dickson, J., Kefalopoulou, Z., Djamshidian, A., Ell, P., Soderlund, T., Whitton,
P., Wyse, R., Isaacs, T., Lees, A., Limousin, P., Foltynie, T., 2013a. Exenatide and the
treatment of patients with Parkinson's disease. The Journal of clinical investigation 123,
2730-2736.
Aviles-Olmos, I., Dickson, J., Kefalopoulou, Z., Djamshidian, A., Kahan, J., Fmedsci, P.E.,
Whitton, P., Wyse, R., Isaacs, T., Lees, A., Limousin, P., Foltynie, T., 2014. Motor and
Cognitive Advantages Persist 12 Months After Exenatide Exposure in Parkinson's Disease.
Journal of Parkinson's disease 4, 337-344.
Aviles-Olmos, I., Limousin, P., Lees, A., Foltynie, T., 2013b. Parkinson's disease, insulin
resistance and novel agents of neuroprotection. Brain 136, 374-384.
Baggio, L.L., Drucker, D.J., 2007. Biology of incretins: GLP-1 and GIP. Gastroenterology 132,
2131-2157.
Bertilsson, G., Patrone, C., Zachrisson, O., Andersson, A., Dannaeus, K., Heidrich, J.,
Kortesmaa, J., Mercer, A., Nielsen, E., Ronnholm, H., Wikstrom, L., 2008. Peptide
hormone exendin-4 stimulates subventricular zone neurogenesis in the adult rodent

17

brain and induces recovery in an animal model of Parkinson's disease. Journal of
neuroscience research 86, 326-338.
Bomfim, T.R., Forny-Germano, L., Sathler, L.B., Brito-Moreira, J., Houzel, J.C., Decker, H.,
Silverman, M.A., Kazi, H., Melo, H.M., McClean, P.L., Holscher, C., Arnold, S.E., Talbot, K.,
Klein, W.L., Munoz, D.P., Ferreira, S.T., De Felice, F.G., 2012. An anti-diabetes agent
protects the mouse brain from defective insulin signaling caused by Alzheimer's diseaseassociated Abeta oligomers. The Journal of clinical investigation 122, 1339-1353.
Broome, J.D., Wills, K.V., Lapchak, P.A., Ghetti, B., Camp, L.L., Bayer, S.A., 1999. Glial cell
line-derived neurotrophic factor protects midbrain dopamine neurons from the lethal
action of the weaver gene: a quantitative immunocytochemical study. Brain research.
Developmental brain research 116, 1-7.
Campbell, J.E., Drucker, D.J., 2013. Pharmacology, physiology, and mechanisms of incretin
hormone action. Cell metabolism 17, 819-837.
Cao, L., Li, D., Feng, P., Li, L., Xue, G., Li, G., Hölscher, C., 2016. A novel dual GLP-1 and GIP
incretin receptor agonist is neuroprotective in a mouse model of Parkinson’s disease by
reducing chronic inflammation in the brain. Neuroreport 37, 384-391.
Dogrukol-Ak, D., Tore, F., Tuncel, N., 2004. Passage of VIP/PACAP/secretin family across the
blood-brain barrier: therapeutic effects. Current pharmaceutical design 10, 1325-1340.
Doyle, M.E., Egan, J.M., 2003. Pharmacological agents that directly modulate insulin
secretion. Pharmacol. Rev. 55, 105-131.
Drinkut, A., Tereshchenko, Y., Schulz, J.B., Bahr, M., Kugler, S., 2012. Efficient gene therapy
for Parkinson's disease using astrocytes as hosts for localized neurotrophic factor
delivery. Molecular therapy 20, 534-543.
Duffy, A.M., Holscher, C., 2013. The incretin analogue D-Ala(2)GIP reduces plaque load,
astrogliosis and oxidative stress in an APP/PS1 mouse model of Alzheimer's disease.
Neuroscience 228, 294-300.
Faivre, E., Hamilton, A., Holscher, C., 2012. Effects of acute and chronic administration of
GIP analogues on cognition, synaptic plasticity and neurogenesis in mice. European
journal of pharmacology 674, 294–306.
Faivre, E., Holscher, C., 2013a. D-Ala2GIP facilitated synaptic plasticity and reduces plaque
load in aged wild type mice and in an Alzheimer's disease mouse model. Journal of
Alzheimer's disease : JAD 35, 267-283.
Faivre, E., Holscher, C., 2013b. Neuroprotective effects of D-Ala2GIP on Alzheimer's disease
biomarkers in an APP/PS1 mouse model. Alzheimer's research & therapy 5, 20-28.
Finan, B., Ma, T., Ottaway, N., Muller, T.D., Habegger, K.M., Heppner, K.M., Kirchner, H.,
Holland, J., Hembree, J., Raver, C., Lockie, S.H., Smiley, D.L., Gelfanov, V., Yang, B.,
Hofmann, S., Bruemmer, D., Drucker, D.J., Pfluger, P.T., Perez-Tilve, D., Gidda, J., Vignati,
L., Zhang, L., Hauptman, J.B., Lau, M., Brecheisen, M., Uhles, S., Riboulet, W., Hainaut, E.,
Sebokova, E., Conde-Knape, K., Konkar, A., DiMarchi, R.D., Tschop, M.H., 2013.
Unimolecular dual incretins maximize metabolic benefits in rodents, monkeys, and
humans. Science translational medicine 5, 209ra151.
Freiherr, J., Hallschmid, M., Frey, W.H., 2nd, Brunner, Y.F., Chapman, C.D., Holscher, C.,
Craft, S., De Felice, F.G., Benedict, C., 2013. Intranasal insulin as a treatment for
Alzheimer's disease: a review of basic research and clinical evidence. CNS drugs 27, 505514.
Gallwitz, B., 2006. Therapies for the treatment of type 2 diabetes mellitus based on incretin
action. Minerva endocrinologica 31, 133-147.

18

George, M., Rajaram, M., Shanmugam, E., 2014. New and emerging drug molecules against
obesity. Journal of cardiovascular pharmacology and therapeutics 19, 65-76.
Ghasemi, R., Dargahi, L., Haeri, A., Moosavi, M., Mohamed, Z., Ahmadiani, A., 2013. Brain
insulin dysregulation: implication for neurological and neuropsychiatric disorders.
Molecular neurobiology 47, 1045-1065.
Glover, V., Gibb, C., Sandler, M., 1986. The role of MAO in MPTP toxicity--a review. Journal
of neural transmission. Supplementum 20, 65-76.
Harkavyi, A., Abuirmeileh, A., Lever, R., Kingsbury, A.E., Biggs, C.S., Whitton, P.S., 2008.
Glucagon-like peptide 1 receptor stimulation reverses key deficits in distinct rodent
models of Parkinson's disease. Journal of neuroinflammation 5, 19(11-19).
Holscher, C., 2014. Insulin, incretins and other growth factors as potential novel treatments
for Alzheimer's and Parkinson's diseases. Biochemical Society transactions 42, 593-599.
Hölscher, C., 2016. GLP-1 and GIP analogues as novel treatments for Alzheimer’s and
Parkinson’s disease. Cardiovasc Endocrinol 5, 93-98.
Holst, J.J., 2004. Treatment of type 2 diabetes mellitus with agonists of the GLP-1 receptor
or DPP-IV inhibitors. Expert Opin Emerg Drugs 9, 155-166.
Hu, G., Jousilahti, P., Bidel, S., Antikainen, R., Tuomilehto, J., 2007. Type 2 diabetes and the
risk of Parkinson's disease. Diabetes care 30, 842-847.
Hunter, K., Holscher, C., 2012. Drugs developed to treat diabetes, liraglutide and
lixisenatide, cross the blood brain barrier and enhance neurogenesis. BMC neuroscience
13, 33-38.
Jalewa, J., Sharma, M., Gengler, S., Hölscher, C., 2017. A novel GLP-1/GIP dual receptor
agonist protects from 6-OHDA lesion in a rat model of Parkinson’s disease.
Neuropharmacol 117, 238-248.
Jalewa, J., Sharma, M.K., Holscher, C., 2016. Novel incretin analogues improve autophagy
and protect from mitochondrial stress induced by rotenone in SH-SY5Y cells. Journal of
neurochemistry 139, 55-67.
Ji, C., Xue, G.F., Li, G., Li, D., Holscher, C., 2016a. Neuroprotective effects of glucosedependent insulinotropic polypeptide in Alzheimer's disease. Reviews in the
neurosciences 27, 61-70.
Ji, C., Xue, G.F., Lijun, C., Feng, P., Li, D., Li, L., Li, G., Holscher, C., 2016b. A novel dual GLP-1
and GIP receptor agonist is neuroprotective in the MPTP mouse model of Parkinson's
disease by increasing expression of BNDF. Brain research 1634, 1-11.
Kastin, A.J., Akerstrom, V., Pan, W., 2002. Interactions of glucagon-like peptide-1 (GLP-1)
with the blood-brain barrier. Journal of molecular neuroscience : MN 18, 7-14.
Kinemuchi, H., Fowler, C.J., Tipton, K.F., 1987. The neurotoxicity of 1-methyl-4-phenyl1,2,3,6,-tetrahydropyridine (mptp) and its relevance to parkinson's disease.
Neurochemistry international 11, 359-373.
Kordower, J.H., Bjorklund, A., 2013. Trophic factor gene therapy for Parkinson's disease.
Movement disorders : official journal of the Movement Disorder Society 28, 96-109.
Langston, J.W., 2002. Parkinson's disease: current and future challenges. Neurotoxicology
23, 443-450.
Li, Y., Duffy, K., Ottinger, M., Ray, B., Bailey, J., Holloway, H., Tweedie, D., Perry, T., Mattson,
M., Kapogiannis, D., Sambamurti, K., Lahiri, D., Greig, N., 2010. GLP-1 Receptor
Stimulation Reduces Amyloid-beta Peptide Accumulation and Cytotoxicity in Cellular and
Animal Models of Alzheimer's Disease. Journal of Alzheimer's disease 19, 1205-1219.

19

Li, Y., Liu, W., Li, L., Holscher, C., 2016. Neuroprotective effects of a GIP analogue in the
MPTP Parkinson's disease mouse model. Neuropharmacology 101, 255-263.
Li, Y., Liu, W., Li, L., Holscher, C., 2017. D-Ala2-GIP-glu-PAL is neuroprotective in a chronic
Parkinson's disease mouse model and increases BNDF expression while reducing
neuroinflammation and lipid peroxidation. European journal of pharmacology 797, 162172.
Li, Y., Perry, T., Kindy, M.S., Harvey, B.K., Tweedie, D., Holloway, H.W., Powers, K., Shen, H.,
Egan, J.M., Sambamurti, K., Brossi, A., Lahiri, D.K., Mattson, M.P., Hoffer, B.J., Wang, Y.,
Greig, N.H., 2009. GLP-1 receptor stimulation preserves primary cortical and
dopaminergic neurons in cellular and rodent models of stroke and Parkinsonism.
Proceedings of the National Academy of Sciences of the United States of America 106,
1285-1290.
Liu, W., Jalewa, J., Sharma, M., Li, G., Li, L., Hölscher, C., 2015a. Neuroprotective effects of
lixisenatide and liraglutide in the MPTP mouse model of Parkinson’s disease.
Neuroscience 303, 42-50.
Liu, W., Li, Y., Jalewa, J., Saunders-Wood, T., Li, L., Holscher, C., 2015b. Neuroprotective
effects of an oxyntomodulin analogue in the MPTP mouse model of Parkinson's disease.
European journal of pharmacology 765, 284-290.
Long-Smith, C.M., Manning, S., McClean, P.L., Coakley, M.F., O'Halloran, D.J., Holscher, C.,
O'Neill, C., 2013. The diabetes drug liraglutide ameliorates aberrant insulin receptor
localisation and signalling in parallel with decreasing both amyloid-beta plaque and glial
pathology in a mouse model of Alzheimer's disease. Neuromolecular medicine 15, 102114.
Lovshin, J.A., Drucker, D.J., 2009. Incretin-based therapies for type 2 diabetes mellitus.
Nature reviews. Endocrinology 5, 262-269.
Luo, F.C., Wang, S.D., Qi, L., Song, J.Y., Lv, T., Bai, J., 2011. Protective effect of panaxatriol
saponins extracted from Panax notoginseng against MPTP-induced neurotoxicity in vivo. J
Ethnopharmacol 133, 448-453.
McClean, P., Parthsarathy, V., Faivre, E., Hölscher, C., 2011. The diabetes drug Liraglutide
prevents degenerative processes in a mouse model of Alzheimer's disease. The Journal of
neuroscience 31, 6587-6594.
Moore, D.J., West, A.B., Dawson, V.L., Dawson, T.M., 2005. Molecular pathophysiology of
Parkinson's disease. Annual review of neuroscience 28, 57-87.
Moran, L.B., Graeber, M.B., 2008. Towards a pathway definition of Parkinson's disease: a
complex disorder with links to cancer, diabetes and inflammation. Neurogenetics 9, 1-13.
Moroo, I., Yamada, T., Makino, H., Tooyama, I., McGeer, P.L., McGeer, E.G., Hirayama, K.,
1994. Loss of insulin receptor immunoreactivity from the substantia nigra pars compacta
neurons in Parkinson's disease. Acta Neuropathol (Berl) 87, 343-348.
Morris, J.K., Bomhoff, G.L., Gorres, B.K., Davis, V.A., Kim, J., Lee, P.P., Brooks, W.M.,
Gerhardt, G.A., Geiger, P.C., Stanford, J.A., 2011. Insulin resistance impairs nigrostriatal
dopamine function. Experimental neurology 231, 171-180.
Nagahara, A.H., Merrill, D.A., Coppola, G., Tsukada, S., Schroeder, B.E., Shaked, G.M., Wang,
L., Blesch, A., Kim, A., Conner, J.M., Rockenstein, E., Chao, M.V., Koo, E.H., Geschwind, D.,
Masliah, E., Chiba, A.A., Tuszynski, M.H., 2009. Neuroprotective effects of brain-derived
neurotrophic factor in rodent and primate models of Alzheimer's disease. Nature
medicine 15, 331-337.

20

Nakamura, S., Vincent, S.R., 1986. Histochemistry of MPTP oxidation in the rat brain: sites of
synthesis of the parkinsonism-inducing toxin MPP+. Neuroscience letters 65, 321-325.
Schapira, A.H., 2013. Recent developments in biomarkers in Parkinson disease. Curr Opin
Neurol 26, 395-400.
Schernhammer, E., Hansen, J., Rugbjerg, K., Wermuth, L., Ritz, B., 2011. Diabetes and the
risk of developing Parkinson's disease in Denmark. Diabetes care 34, 1102-1108.
Smith, T.S., Bennett, J.P., Jr., 1997. Mitochondrial toxins in models of neurodegenerative
diseases. I: In vivo brain hydroxyl radical production during systemic MPTP treatment or
following microdialysis infusion of methylpyridinium or azide ions. Brain research 765,
183-188.
Sun, Y., Chang, Y.H., Chen, H.F., Su, Y.H., Su, H.F., Li, C.Y., 2012. Risk of Parkinson disease
onset in patients with diabetes: a 9-year population-based cohort study with age and sex
stratifications. Diabetes care 35, 1047-1049.
Tansey, M.G., Goldberg, M.S., 2010. Neuroinflammation in Parkinson's disease: its role in
neuronal death and implications for therapeutic intervention. Neurobiology of disease
37, 510-518.
van der Heide, L.P., Ramakers, G.M., Smidt, M.P., 2006. Insulin signaling in the central
nervous system: learning to survive. Progress in neurobiology 79, 205-221.
Wahlqvist, M.L., Lee, M.S., Hsu, C.C., Chuang, S.Y., Lee, J.T., Tsai, H.N., 2012. Metformininclusive sulfonylurea therapy reduces the risk of Parkinson's disease occurring with Type
2 diabetes in a Taiwanese population cohort. Parkinsonism & related disorders 18, 753758.
Wakamatsu, M., Iwata, S., Funakoshi, T., Yoshimoto, M., 2008. Dopamine receptor agonists
reverse behavioral abnormalities of alpha-synuclein transgenic mouse, a new model of
Parkinson's disease. Journal of neuroscience research 86, 640-646.
Zhang, Y.F., Chen, Y.M., LI, L., Hölscher, C., 2015. Neuroprotective effects of (Val8)GLP-1Glu-PAL in the MPTP Parkinson’s disease mouse model. Behavioural brain research 293,
107-113.

21

Fig. 1: Timeline of the experimental design. Drugs or saline or MPTP or combinations of this
were injected once-daily for 7 days.
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Fig. 2A: analysis of blood plasma glucose levels for each group. A repeated measures twoway ANOVA found no difference between groups (ns.) but over time (p<0.05). 2B: animal
weight for 4 days. A repeated measures two-way ANOVA found no difference between
groups (ns.) or over time (ns.). N=10 per group.
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Fig. 3A: Motor performance in the Rotarod test. A one-way repeated measures ANOVA
found an overall difference over all groups, and the post-hoc Tukey’s multiple comparisons
test found differences Between groups: ***=P<0.001 compared to controls; $$ =P<0.1; $$$
=P<0.001 compared to MPTP group; £££ =P<0.001 DA3+MPTP group compared to
Liraglutide +MPTP group. 2B: A two-way repeated measures ANOVA found a difference
between groups (P<0.001) and over time (P<0.05).
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Fig. 4: grip strength test on day 1 and 7 of treatment. A repeated measures two-way ANOVA
found a difference between groups (P<0.001) but not over time (p>0.05). A Tukey post-hoc
test found differences between groups: ***=P<0.001 compared to controls; $ =P<0.05; $$$
=P<0.001 compared to MPTP group; £££ =P<0.001 DA3+MPTP group compared to
Liraglutide +MPTP group. N=10 per group.
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Fig. 5: Expression of tyrosine hydroxylase in. 5A: levels of TH in the substantia nigra. A oneway ANOVA found a difference between groups. A Tukey post-hoc test found differences
between groups: ***=P<0.001 compared to controls; $$$ =P<0.001 compared to MPTP
group; £££ =P<0.001 DA3+MPTP group compared to Liraglutide +MPTP group. Sample
images are shown. 5B: levels of TH in the striatum. A one-way ANOVA found a difference
between groups. A Tukey post-hoc test found differences between groups: ***=P<0.001;
*=P<0.05 compared to controls; $$ =P<0.01; $$$ =P<0.001 compared to MPTP group; £££
=P<0.001 DA3+MPTP group compared to Liraglutide +MPTP group. Shown are sample
images. A = control; B = Liraglutide +MPTP; C = DA3+MPTP; D = MPTP only. Scale bar =
100µm.
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Fig. 6: Chronic inflammation in the brain. 6A: Expression of GFAP in the cortex in activated
astroglia. 6B: Activated microglia, expression of IBA-1 in the cortex. A one-way ANOVA
found an overall difference, a post-hoc test found differences between groups: *=P<0.05;
***=P<0.001 compared to controls; $$$ =P<0.001 compared to DA3+MPTP group; £££
=P<0.001 MPTP compared to Liraglutide +MPTP group. Shown are sample micrographs. A =
control; B = Liraglutide +MPTP; C = DA3+MPTP; D = MPTP only. Scale bar = 20µm.
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Fig. 7: Expression of Glia-Derived Neurotrophic Factor (GDNF) in the cortex. A one-way
ANOVA found an overall difference, a post-hoc test found differences Between groups:
***=P<0.001 compared to controls; $$$ =P<0.001 compared to DA3+MPTP group; £££
=P<0.001 compared to Liraglutide +MPTP group. Shown are sample micrographs. A =
control; B = Liraglutide +MPTP; C = DA3+MPTP; D = MPTP only. Scale bar = 20µm.

28

Fig. 8: Western blot analysis of protein levels of GDNF (A) and the inflammation markers
GFAP (B) and IBA-1 (C). A one-way ANOVA found an overall difference and post-hoc tests
showed group differences: *=P<0.05, **=P<0.01, ***=P<0.01 compared to controls.
$$=P<0.01, $$$=P<0.01 compared to the MPTP group. ££=P<0.01 comparing the liraglutide
+MPTP group with the DA3+MPTP group. (D) Shown are sample western blots.
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