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Abstract 
 
Parkinson's disease (PD) is a chronic neurodegenerative disease, and there is no cure 
for it at present. Recent research has indicated a link between type 2 diabetes mellitus 
(T2DM) and PD, which suggested that a treatment to improve insulin resistance for 
T2DM may be useful for PD patients. Glucose-dependent insulinotropic polypeptide 
(GIP) belongs to the incretin hormone family, which can promote insulin release and 
improve insulin resistance. Several GIP analogues have been developed as potential 
treatments for T2DM. In the present study, a novel long- lasting GIP analogue, 
D-Ala2-GIP-glu-PAL, has been tested in an acute PD mouse model induced by four 
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) intraperitoneal injections. 
D-Ala2-GIP-glu-PAL treatment (25nmol/kg ip.) for 7 days after MPTP treatment 
improved the locomotor and exploratory activity of mice, and improved bradykinesia 
and movement balance of mice. D-Ala2-GIP-glu-PAL treatment also restored tyrosine 
hydroxylase (TH) positive dopaminergic neuron numbers in the substantia nigra and TH 
levels in the striatum. D-Ala2-GIP-glu-PAL also reduced the chronic inflammation 
response as seen in astrocyte and microglia activation in the substantia nigra pars 
compacta (SNpc). D-Ala2-GIP-glu-PAL reversed the reduction of synapse numbers 
(synaptophysin levels), decreased the ratio of growth factor and apoptosis signaling 
molecules Bax/Bcl-2, and improved the decrease of p-CREBS133 growth factor signaling 
in the substantia nigra. Therefore, D-Ala2-GIP-glu-PAL promotes cell survival of 
dopaminergic neuron in the SNpc by activating the cAMP/PKA/CREB growth factor 
second messenger pathway that also inhibits apoptosis. The present results 
demonstrate that D-Ala2-GIP-glu-PAL shows promise as a novel treatment of PD. 
 
Keywords: Growth factors; diabetes; glucose-dependent insulinotropic polypeptide; 
neuroinflammation; apoptosis; neuroprotection; insulin 
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1. Introduction 

 

Parkinson's disease (PD) is the second most common chronic neurodegenerative 

disease afflicting about 1% of people over 65 years old and 4-5% of people over 85 

years. The pathology of PD is characterized by a progressive loss of dopaminergic 

neurons in the substantia nigra pars compacta (SNpc) and the degeneration of 

projecting nerve fibers to the striatum, which leads to tremors, muscular rigidity, 

bradykinesia, and postural and gait abnormalities (Kowal et al., 2013). Current 

treatment strategies for PD have mostly targeted the dopamine system. Levodopa is 

the most effective drug used in the treatment of PD. However, the long-term use of 

levodopa produces complications such as highly disabling fluctuations of motor activity 

and dyskinesias (Sharma et al., 2015). Other treatment options include dopamine 

agonists, anticholingergics, amantadine, monoamine oxidase (MAO) inhibitors, and 

deep brain stimulation (Giugni and Okun, 2014). However, neuroprotective treatments 

that delay or cure PD remain an unrealised goal.  

Recently, studies have shown a link between diabetes and PD. Both diabetes and PD 

are age-related chronic diseases and some pathogenic processes may underlie both 

conditions (Chen et al., 2008; Henchcliffe and Beal, 2008; Pradhan, 2007). Insulin 

de-sensitisation may be one mechanism that underlies both conditions. Clinical data 

evaluation showed that an 8–30 percentage of PD patients were diabetic, a significantly 

higher percentage compared to age matched controls (Cereda et al., 2011; Hu et al., 

2007; Miyake et al., 2010; Schernhammer et al., 2011). PD and diabetes also share 

several genetic susceptibilities, such as single nucleotide polymorphisms in the growth 

factor signaling kinase gene Akt, which increase an individual’s risk for developing PD 

and diabetes (Jain et al., 2012; Xiromerisiou et al., 2008). Common pathways that link 

PD, diabetes, and inflammation have been identified by genome-wide transcriptome 

profiling (Moran and Graeber, 2008). In preclinical studies, systemic administration of 

drugs for T2DM, such as insulin (Holscher, 2014b), rosiglitazone (Schintu et al., 2009), 

and metformin (Patil et al., 2014), significantly attenuate neuropathology, including the 

loss of SNpc neurons and the striatal dopaminergic fibers, microglial activation, or the 
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expression of pro-inflammatory cytokines. Also, a drug that is on the market to treat 

type 2 diabetes, Exenatide (exendin-4), showed a therapeutic effect in preclinical tests 

(Harkavyi et al., 2008; Kim et al., 2009; Li et al., 2009) and in a pilot clinical trial in PD 

patients (Aviles-Olmos et al., 2013a; Aviles-Olmos et al., 2014). In light of these recent 

findings, a hypothesis has emerged that suggests that mitochondrial dysfunction, 

endoplasmic reticulum stress, inflammation, and alterations in metabolism may lead to 

insulin resistance and, ultimately, to diabetes and/or neurodegeneration (Lima et al., 

2014; Santiago and Potashkin, 2013). Hence, the treatment to improve insulin 

resistance for T2DM may be useful for PD patients (Aviles-Olmos et al., 2013b; Holscher, 

2014b). 

Glucose-dependent insulinotropic polypeptide (GIP), also named gastric inhibitory 

polypeptide, is an endogenous 42 amino acid peptide hormone (Baggio and Drucker, 

2007). GIP belongs to the incretin family, which can promote insulin release and lower 

blood glucose, and has growth factor like properties (Holscher, 2014a). As GIP is quickly 

degraded by the enzyme dipeptidyl peptidase IV (DPP-IV) in the blood stream (Kieffer 

et al., 1995), several enzyme-resistant GIP analogues have been developed, such as 

D-Ala2GIP and D-Ala2-GIP-GLU-PAL, as potential treatments for type 2 diabetes (Irwin 

et al., 2006a).  

In the central nervous system, GIP is expressed in neurons and acts as a 

neurotransmitter, and GIP receptors are also found in multiple brain regions, including 

the olfactory bulb, hippocampus, cerebellum, cerebral cortex, substantia nigra, 

thalamus, and brainstem (Nyberg et al., 2005; Nyberg et al., 2007). Activation of the 

GIPR leads to proliferation of neuronal progenitor cells and therefore may contribute to 

neurogenesis (Holscher, 2014b). GIP not only has growth-factor like properties in the 

brain, but also modulates synaptic activity. GIP prevented the detrimental effects of 

beta-amyloid on synaptic plasticity (LTP) in the hippocampus (Gault and Holscher, 2008) 

and on spatial learning and memory (Figueiredo et al., 2010). Furthermore, GIP has 

been shown to promote axonal regeneration after sciatic nerve injury (Buhren et al., 

2009). In our previous study, chronic injection of D-Ala2GIP enhanced memory 

formation, synaptic neurotransmission (LTP) in the hippocampus, and progenitor cell 
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proliferation in the dentate gyrus of wild type mice and mice on a high-fat diet (Faivre 

et al., 2012; Porter et al., 2011). Moreover, D-Ala2GIP can improve cognitive function 

and prevent deficits of learning and memory in APP/PS1 transgenic mice, and reduces 

the beta amyloid plaque load and neuroinflammation in the brain. Synaptic plasticity 

and synapse numbers were also normalised by the drug (Duffy and Holscher, 2013; 

Faivre and Holscher, 2013a, b).  

Although GIP analogues showed a potential therapeutic effect for AD in animal 

experiments, the protective effects in PD have not been investigated. In the present 

study, a new long lasting GIP analogue, D-Ala2-GIP-GLU-PAL, was tested in an acute PD 

mouse model induced by 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP).  

 

2. Materials and methods 

 

2.1 Chemicals and peptides 

Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) were purchased from 

Sigma-Aldrich (St Louis, MO, USA). Other chemicals used were of the highest quality 

commercially available. D-Ala2-GIP-GLU-PAL was purchased from GL Biochem Ltd 

(Shanghai). The purity of the peptide was analysed by reversed-phase high performance 

liquid chromatography (HPLC) and characterised using matrix-assisted laser 

desorption/ionisation time of flight (MALDI-TOF) mass spectrometry. 

 

D-Ala2-GIP-glu-PAL sequence: 

Tyr-(D-Ala)-Glu-Gly-Thr-Phe-Ile-Ser-Asp-Tyr-Ser-Ile-Ala-Met-Asp-Lys-Ile-His-Gln-Gln-A

sp-Phe-Val-Asn-Trp-Leu-Leu-Ala-Gln-Lys-Gly-Lys-Lys-Asn-Asp-Trp-Lys(glu-PAL)-His-A

sn-Ile-Thr-Gln 

(PAL = C16 fatty acid) 

 

2.2 Animals and drug treatments 

Male C57BL/6 mice (20–25 g) were purchased from the Academy of Military Medical 

Sciences (AMMS, China). The animals were maintained on 12-h light/dark cycle at 
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24 ℃ ± 1℃ and 55 ± 5% humidity with food and water ad libitum, and were 

acclimatized for at least 1 week prior to the MPTP procedure. All experimental 

procedures involving animals in the present study were approved by the Institutional 

Animal Care Committee of Shanxi Medical University and conform to the guidelines of 

National Institute of Health (NIH) guideline (NIH publication NO. 85-23. Revised 1985). 

Mice were divided into four different groups (n=8 per group) consisting of (i) a control 

group treated with saline alone; (ii) a group treated with D-Ala2-GIP-GLU-PAL; (iii) a 

group treated with MPTP alone; and (iv) a group treated with D-Ala2GIP-GIP-Glu-PAL in 

combination with MPTP. Mice received four intraperitoneal injections of MPTP (20 

mg/kg body weight; Sigma-Aldrich) or saline (0.9%) control at 2-h intervals. 

D-Ala2-GIP-GLU-PAL was dissolved in saline and drug (25nmol/kg body weight) ip. 

injection continued for 7 days after MPTP injection. Control mice received equal 

volumes of the vehicle solution. At the end of drug treatments, measurements of 

behavioral changes, neuronal damage, inflammatory markers, and biomarkers were 

made.  

 

2.3 Behavioral assessment 

2.3.1 Open-field test 

To assess locomotor and exploratory activity of PD mice, the open-field test was 

conducted on the 6th day after MPTP treatment as previously described (Rial et al., 

2014). The open-field apparatus consisted of a square arena (50 cm*50 *cm *40 cm) 

with a floor divided into 25 equal-sized squares with grids. Each rat was placed in the 

center of the apparatus and was observed. After acclimatizing 10 min, the number of 

crossing line and rearings made by the animal was recorded within 5 min. The 

apparatus was then cleaned with 70% alcohol and dried between trials. The 

experiment was repeated 2 times for each animal, and the average of 2 trials was 

calculated for statistical analyses. 

 

2.3.2 Pole test 

To determine the degree of bradykinesia and ability to movement balance of PD mice, 
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the pole test was conducted on the 5th day after MPTP treatment as previously 

described (Park et al., 2013). In brief, animals were placed facing upward near the top 

of a wooden pole with a rough surface (10 mm in diameter and 55 cm in height). The 

time taken until they turned completely downward (defined as turn time, T-turn) and 

the time taken to arrive at the floor (locomotor activity time, T-LA) were recorded. If 

the mouse did not descend in 30s, it was guided, and T-turn was recorded as 30s. The 

mice were pre-trained before MPTP injections. Every mouse was tested for 3 times and 

the average of the three trials was calculated for statistical analyses.   

 

2.4 Sample preparation 

All animals were sacrificed on the 7th day after MPTP injection. After anesthetization 

with ethyl carbamate, whole brains of 4 mice per group were removed immediately 

and substantia nigra was dissected out and stored at −80 °C for immunoblot analysis. 

And another 4 mice per group were transcardial perfused with ice-cold PBS and 4% 

paraformaldehyde/PBS (pH7.4), and brains were removed and postfixed for 24 h in the 

same fixative, and the brains were embedded in paraffin.  

 

2.5 Immunohistochemistry   

Brain tissue samples were embedded in paraffin, and sections were cut at 4 μm with a 

microtome. The sections encompassing the SNpc and the striatum were placed on 

coated slides. Paraffin was removed from the tissue sections with xylene, and the 

sections were rehydrated in graded ethanol solutions. Endogenous peroxidase activity 

was blocked with 3% H2O2 for 5 min. Antigen retrieval was performed by heating in 10 

mmol/L citrate buffer (pH 6.0) for 10 min. After blocked with 5% BSA, sections were 

incubated with the primary antibody for TH (rabbit anti-TH; 1:500; Abcam, Cambridge, 

UK), GFAP (rabbit anti-GFAP; 1:100; Boster Biotechnology Co., Ltd. Wuhan, China) and 

IBA1 (goat anti-IBA1; 1:500; Abcam, Cambridge, UK) at 37℃ for 1h. They were rinsed 

in PBS and incubated with biotinylated goat anti-rabbit IgG or biotinylated rabbit 

anti-goat IgG at 37℃ for 0.5h and incubated with followed by the avidin-biotin 
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peroxidase complex reagent (Boster Biotechnology Co., Ltd. Wuhan, China) at 37℃ for 

0.5h. Samples were colored in 3,3-diaminobenzidine (DAB) solution in the presence of 

H2O2 (Zhongshan Golden Bridge Biotechnology Co., Ltd. Beijing, China). To verify the 

immune specificity, control sections were processed with the same protocol, except 

that omitting the primary antibody. All stained sections were viewed and 

photographed under a Zeiss light microscope, and images were captured by digital 

camera (Motic BA210). 

Quantitative analysis of DA neurons in SNpc was carried out by serial section analysis of 

the total number of TH positive (TH+) neurons throughout the rostro-caudal axis. Only 

the region corresponding to the SNpc was carefully delineated, according to the mouse 

brain atlas of Paxinos (Paxinos et al., 1999). Optical density of dopaminergic neuron 

termini in the striatum were determined from scanned TH+ sections by digital 

densitometry using Image-pro plus6.0 software. The areas of GFAP or IBA1 positive 

cells were determined using Image-pro plus6.0 software. 

 

2.6 Western blot   

Western blot assay was performed using standard protocols. Midbrain tissues 

containing substantia nigra were homogenized on ice in RIPA lysis buffer (Beyotime 

Institute of Biotechnology, Shanghai, China) containing phenyl-methylsulfonyl fluoride 

(PMSF). After 30 min, tissue lysates were obtained by centrifugation at 12000 rpm for 5 

min at 4°C. The protein concentration of the samples then was quantified by BCA 

protein assay (Beyotime Institute of Biotechnology, Shanghai, China), using bovine 

serum albumin as standard. After tissue lysate was mixed in loading buffer and boiled 

for 5 min, equivalent amounts of protein were separated on 12% or 10% 

SDS-polyacrylamide gel and transferred to polyvinylidene difluoride (PVDF) membranes. 

The membranes were blocked with 5%BSA in Tris-buffered saline (Boster Biotechnology 

Co., Ltd. Wuhan, China) and incubated overnight at 4°C with rabbit anti-mouse 

synaptophysin (SYN)(1:5000; Abcam, Cambridge, UK), rabbit anti-mouse Bcl-2 (1:400; 

Boster Biotechnology Co., Ltd. Wuhan, China), rabbit anti-mouse Bax (1:400; Boster 

Biotechnology Co., Ltd. Wuhan, China), rabbit anti-mouse p-CREBS133 (1:500; Abcam, 
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Cambridge, UK) and rabbit anti-mouse CREB (1:500; Abcam, Cambridge, UK), followed 

by incubation for 2h at room temperature with the HRP-labeled goat anti-rabbit 

immunoglobulin (1:1000; Abcam, Cambridge, UK). The bound antibodies were then 

visulalized by ECL-enhanced chemilluminescence (Beyotime Institute of Biotechnology, 

Shanghai, China) according to the manufacturer’s instructions. In some cases, the blots 

were stripped and reprobed with an rabbit anti-mouseβ-actin (1:1000; Abcam, 

Cambridge, UK) to ensure equal sample loading. Western blot images were captured 

with a chemiluminescent imaging system (Sagecreation, Beijing, China). All bands were 

quantified using the image system of Quantity one 4.31(Bio-Rad, Hercules, CA, USA). 

 

2.7 Statistical analysis  

 

All data were expressed as means ± S.E.M. All analysis was conducted using GraphPad 

Prism (Graph-Pad software Inc., San Diego, CA, USA). Statistical significance was 

performed by one-way ANOVA for multiple comparisons followed by Bonferroni’s 

post-hoc test. Statistical significance was set at P <0.05.  

 

 

3. Results 

 

3.1 D-Ala2-GIP-GLU-PAL normalised the MPTP-induced impairments in locomotor and 

exploratory activity of mice 

 

A one-way ANOVA found an overall difference between groups (P<001). The results 

showed that the number of crossings in MPTP group mice exhibited a significant 

reduction versus the control group mice (P<0.01 in the Bonferroni’s post hoc test). 

However, D-Ala2-GIP-GLU-PAL treatment reversed these effects on crossing (P<0.01). 

MPTP procedure also decreased the number of rearing (P<0.01), and 

D-Ala2-GIP-GLU-PAL could improve the rearing number (P<0.05). Each group was n=8, 

see fig. 1A.  
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3.2 D-Ala2-GIP-GLU-PAL improved the bradykinesia and movement imbalance of mice 

induced by MPTP  

A one-way ANOVA found an overall difference between groups (P<001). MPTP injection 

induced the bradykinesia of mice, with more time to turn at the top (T-turn) (P<0.001) 

compared with the control. And MPTP injection also induced movement imbalance of 

mice, with more time to climb down (T-LA) (P<0.001) compared with the control. 

However, treatment with D-Ala2-GIP-GLU-PAL significantly reversed these effects 

induced by MPTP (P<0.01). N=8 per group, see fig. 1B. 

 

3.3 D-Ala2-GIP-GLU-PAL protected dopaminergic neuronal damage induced by MPTP 

A one-way ANOVA found an overall difference between groups (P<001). On the 7th day 

after MPTP injection, the number of TH-positive cells in the SNpc was decreased to 

27.00% (P<0.001), and the average optical density of TH staining in the striatum was 

decreased to 56.86% (P<0.001). There is no difference between control group and 

D-Ala2-GIP-GLU-PAL group. However, D-Ala2-GIP-GLU-PAL treatment restored numbers 

of dopaminergic neurons to 59.4% in SNpc (P<0.05) and the overall levels of TH to 

83.64% in the striatum (P<0.01) in MPTP-treated mice. See fig. 2. 

 

3.4 D-Ala2-GIP-GLU-PAL reduced the chronic inflammation and astrocyte and 

microglia activation in the substantia nigra induced by MPTP 

A one-way ANOVA found an overall difference between groups (P<001). Anti-GFAP was 

used as an indicator of activated astrocytes. GFAP-positive astrocytes covered an 

average of 2.38% of each section in the SNpc of control mice, and covered an average 

of 2.81% in alone D-Ala2-GIP-GLU-PAL injection group. There was no difference 

between control and alone D-Ala2-GIP-GLU-PAL injection group. GFAP levels increased 

to 13.10% after MPTP treatment, which was significantly higher than in control mice 

(P< 0.001). While D-Ala2-GIP-GLU-PAL treatment made the areas of GFAP-positive 

astrocytes decrease to 4.74%, which was significantly less than MPTP group (P<0.001). 

See fig. 3A. 
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Anti-IBA1 was used as a biomarker for microglia activation. IBA1-positive microglia 

covered an average of 0.57% of each section in the SNpc of control mice, and covered 

an average of 0.63% in alone D-Ala2-GIP-GLU-PAL injection group. There was no 

difference between control and alone D-Ala2-GIP-GLU-PAL injection group. This was 

rise to 4.85% by MPTP procedure, which was significantly higher than control mice (P< 

0.001). While D-Ala2-GIP-GLU-PAL treatment made the areas of IBA1-positive microglia 

decrease to 1.83%, which was significantly less than MPTP group (P<0.001). N=4 per 

group, see fig. 3B. 

 

3.5 D-Ala2-GIP-GLU-PAL reversed the reduction of synaptophysin levels in the 

substantia nigra of mice induced by MPTP 

A one-way ANOVA found an overall difference between groups (P<001). The marker for 

synapse numbers, synaptophysin (SYN), was much reduced in mice treated with MPTP 

(P<0.001) compared to control. D-Ala2-GIP-GLU-PAL treatment partially reversed the 

reduction (P<0.01) compared to the MPTP group. N=4 per group, see fig. 4. 

 

3.6 D-Ala2-GIP-GLU-PAL reversed the increase of Bax/Bcl-2 levels in the substantia 

nigra of mice induced by MPTP. 

A one-way ANOVA found an overall difference between groups (P<001). The overall 

levels of the anti-apoptotic signaling molecule Bcl-2 in SNpc was reduced by MPTP 

treatment, levels of the pro-apoptotic signaling molecule Bax in SNpc was increase by 

MPTP treatment, and ratio of Bax/Bcl-2 was increased (P<0.01), compared with control 

group. While D-Ala2-GIP-GLU-PAL partly decreased the ratio of Bax/Bcl-2 by enhancing 

Bcl-2 levels (P<0.01). N=4 per group, see fig. 5. 

 

3.7 D-Ala2-GIP-GLU-PAL moderate reversed the decrease of p-CREBS133 in the 

substantia nigra of mice induced by MPTP. 

The levels of total CREB did not change in any of the groups. The level of p-CREBS133 in 

alone D-Ala2-GIP-GLU-PAL group was slight higher than control group, but there was no 

significance (P>0.05). There was a significant decrease in levels of p-CREBS133 in 
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MPTP-treated group (P<0.001), compared with control group. However, 

D-Ala2-GIP-GLU-PAL treatment moderate reversed the decrease (P<0.05). N=4 per 

group, see fig. 6. 

 

 
 
4. Discussion 
 

In our study we show for the first time that GIP receptor activation has neuroprotective 

effects in an animal model of PD. We have previously shown that a protease resistant 

GIP analogue has protective effects in a mouse model of Alzheimer’s disease (Duffy and 

Holscher, 2013; Faivre and Holscher, 2013a, b), but no data has been published 

previously that demonstrates that GIP analogues may also have protective effects in PD. 

In the present study, the optimal dose of D-Ala2-GIP-GLU-PAL (25nmol/kg body weight) 

for the evaluation of the neuroprotective effects in the PD mouse model was selected 

based on the previous findings (Faivre et al., 2012; Irwin et al., 2006b; Martin et al., 

2013; Tatarkiewicz et al., 2014). We chose the MPTP mouse of PD model for testing this 

novel GIP analogue. MPTP is a commonly used chemical to induce a Parkinson-like 

state in rodents (Kopin and Markey, 1988; Nakamura and Vincent, 1986). It was 

discovered when a contaminated batch of heroin was sold in New York and the users 

developed PD like symptoms (Langston et al., 1999; Morin et al., 2014). MPTP is 

lipophilic and can cross the blood–brain barrier. There, MPTP is metabolised into the 

toxic cation 1-methyl-4-phenylpyridinium (MPP+) by the monoamine oxidase B (Glover 

et al., 1986). MPP+ kills primarily dopamine-producing neurons in the substantia nigra, 

pars compacta (Gerlach et al., 1991; Nakamura and Vincent, 1986). MPP+ interferes 

with complex 1 of the mitochondrial electron transport chain, which leads to the 

production of free radicals and eventually to neuronal death in the SN (Kinemuchi et al., 

1987; Smith and Bennett, 1997). As animals do not naturally develop PD, the MPTP 

lesion model is one of several models that are in use to investigate the underlying 

mechanisms of PD and also to test new drug candidates for their neuroprotective 

properties (Morin et al., 2014).   
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Locomotor dysfunction including tremors, rigidity and bradykinesia are the classic 

clinical symptoms of PD. In the present study, open field test analysis suggests that 

D-Ala2-GIP-GLU-PAL improved the locomotor and exploratory activity of mice induced 

by MPTP, and the improved bradykinesia, movement coordination and balance of mice 

also were shown in the pole test. The impairment in locomotor performance was 

consistent with the reduced levels of TH proein levels. On the 7th day after acute MPTP 

injection, the number of TH-positive cell bodies in the SNpc was decreased to 27.00%, 

and the level of TH in the striatum was decreased to 56.86%. However, 

D-Ala2-GIP-GLU-PAL treatment restored numbers of TH positive neurons to 59.4% in 

SNpc and the nerve fibers to 83.64% in the striatum. As TH is a key enzyme in the 

dopamine synthesis, the changes in TH levels indicate a reduction in the synthesis of 

dopamine in SNpc neurons. Furthermore, as shown in the results of synapse numbers 

biomarker synaptophysin, the synapse numbers are reduced by the MPTP treatment, 

and D-Ala2-GIP-GLU-PAL was able to partially prevent or reverse this effect. Similar 

protection of synapse numbers and of synaptic plasticity by GIP analogues was 

observed in a mouse model of AD (Faivre and Holscher, 2013a, b; Gault and Holscher, 

2008). The results demonstrate protective effects of D-Ala2-GIP-glu-PAL on synapses 

and synaptic function in the MPTP treated mice.  

A key element of disease progression in PD is the development of a chronic 

inflammation response in the brain. The reduction of inflammation in the brain was 

shown by the reduced levels of GFAP levels in astrocytes and IBA1 in microglia after 

D-Ala2-GIP-glu-PAL treatment. High concentrations of pro-inflammatory cytokines such 

as interleukin (IL)-1b, IL-6, and tumor necrosis factor (TNF)-α have been found in the 

brain, cerebral spinal fluid, and blood of PD patients (Chen et al., 2008). Chronic 

inflammation is thought to play a central role in PD pathogenesis because the release 

of cytokines promotes disease progression (Ferrari and Tarelli, 2011). Initially, an acute 

inflammatory response may be beneficial to clear out necrotic cells. Once the chronic 

inflammation is established, however, the inflammation response becomes neurotoxic 

due to the production of free radicals and pro-inflammatory cytokines. Abnormal 

production of pro-inflammatory cytokines by activated microglia and astrocyte can lead 
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to synapse dysfunction and ultimately synapse loss (Tansey and Goldberg, 2010). We 

previously reported that another GIP analogue, D-Ala2-GIP, also decreased 

neuroinflammation in the cortex of APP/PS1 mice (Duffy and Holscher, 2013). The 

reduction of the inflammation response is most likely one of the mechanisms by which 

GIP analogues exert their neuroprotective effects.  

Apoptosis also plays a role in neurodegenerative disorders such as PD. GIP acts as an 

endogenous neurotrophic factor and supports neuronal survival (Holscher, 2014a; 

Maino et al., 2014; Paratore et al., 2011); and in cultured cerebellar granule neurons, 

GIP reduced the extent of apoptotic death (Paratore et al., 2011). As neurons in the SN 

are not replaced, the inhibition of apoptotic signaling will be of benefit (Schulz, 2006). 

MPTP has been shown to induce apoptosis by inhibiting the mitochondrial 

multi-subunit enzyme complex I (Bove and Perier, 2012). We analysed the protein 

levels of the anti-apoptotic signaling molecule Bcl-2 (Maino et al., 2014) and the 

pro-apoptotic signaling molecule Bax (Kim et al., 2005) in the SNpc in this study. MPTP 

treatment led to a decline of Bcl-2 levels and an increase of Bax in the SNpc, and 

D-Ala2-GIP-glu-PAL partly reversed this process by promoting Bcl-2 expression. Previous 

studies have shown that GIP enhances cell survival and increases Bcl-2 levels in 

cultured neurons (Maino et al., 2014) and in islet beta cells (Kim et al., 2005; Lupi et al., 

2010). Other studies showed that GIP promotes the survival of cells by increasing Bcl-2 

promoter activity and upregulating the synthesis of Bcl-2 in vivo or in vitro (Kim et al., 

2008). Microarray analysis of GIP treated cells also showed down-regulation of Caspase 

8 associated protein 2, a multifunctional protein of the cysteine proteases family which 

plays a key role in apoptosis. Additionally, GIP treatment up-regulated the expression of 

cytoglobin, a protein involved in the antioxidant defense system and regulation of 

apoptosis (Maino et al., 2014). Therefore, D-Ala2-GIP-glu-PAL may promote cell survival 

of dopaminergic neurons in the SNpc by blocking apoptosis induced by MPTP.  

  GIP receptors activate an adenylyl- cyclase and enhance intracellular cAMP levels, 

which in turn activates Protein Kinase A (PKA), which phosphorylates the 

cAMP-response element binding protein (CREB) at Serine 133 and the 

cAMP-responsive CREB coactivator 2 (TORC2) through a pathway involving 
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phosphatidylinositol 3-kinase (PI3-K), PKB, and AMP-activated protein kinase (AMPK) 

(Holscher, 2014b; Kim et al., 2010). The cAMP/PKA/CREB cell signaling cascade is a 

classic growth-factor cell signaling cascade (Hussain et al., 2006; Li et al., 2010), and 

plays a regulatory role in the nervous system and promotes neuronal survival, 

precursor cell proliferation and synaptic activity (Holscher, 2014b; Sharma et al., 2013). 

An impairment in the CREB-induced transcription cascade correlates with neuronal loss 

and the resulting motor disorders in PD (Kano et al., 1995). GIP stimulates expression of 

the anti-apoptotic Bcl-2 gene in pancreatic beta cells through a pathway involving 

AMP-activated protein kinase (AMPK), TORC2, and CREB (Holscher, 2014a; Kim et al., 

2008). We therefore analysed the levels of CREB phosphorylation at serine 133 in the 

SNpc. There was a significant decrease in levels of p-CREBS133 in the MPTP-treated 

group. The result was consistent with previous studies (Sa et al., 2015). However, 

D-Ala2-GIP-glu-PAL treatment partially reversed the decrease of p-CREBS133 levels. 

These findings demonstrate that D-Ala2-GIP-GLU-PAL can facilitate CREB activation, and 

ultimately promote cell survival of dopaminergic neuron in SNpc. Further research is 

required to elucidate the cellular signaling pathways that are involved in 

neurodegeneration in PD and in neuroprotection by GIP analogues. 

The MPTP mouse model is considered an animal model of PD, but it has its limitations 

and does not recapitulate all pathological processes found in PD. The results presented 

here show that GIP analogues hold promise as a potential treatment for PD. Further 

tests will be conducted in other animal models of PD using different chemicals to 

induce PD- like symptoms such as 6-OHDA or LPS injection into the brain, and 

transgenic mouse models that express human mutated genes that are known to induce 

PD. 

 

In conclusion, the results from the in vivo PD mouse models demonstrate the 

neuroprotective effects of D-Ala2-GIP-glu-PAL and provide insight into its mechanism of 

action. Our findings demonstrate that treatment with D-Ala2-GIP-glu-PAL significantly 

inhibits MPTP-induced Parkinsonism-like symptoms in mice. D-Ala2-GIP-glu-PAL also 

reduces MPTP-induced damage in the dopaminergic neurons in this mouse model. 
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Moreover, the neuroprotective activity of D-Ala2-GIP-glu-PAL may result from 

increasing CREB-mediated Bcl-2 expression to prevent apoptosis and from the 

reduction of chronic neuroinflammation. Long-acting GIP analogues hold promise as 

novel treatments that not only improve the symptoms but prevent the 

neurodegenerative processes underlying PD.   

 
 
Acknowledgments 
This work was supported by grants from the Cure Parkinson’s Trust UK and a Shanxi 
province government grant to C Holscher under the ‘100 Foreign talent’ grant scheme.     
Conflict of interest: Dr. Holscher is a named inventor on a patent held by Ulster 
University on the use of GIP analogues in diseases of loss of synaptic transmission. The 
other authors do not declare a conflict of interest. 
 
 
References 
 

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. J Clin Invest 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. J Parkinsons Dis 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. 

Bove, J., Perier, C., 2012. Neurotoxin-based models of Parkinson's disease. 
Neuroscience 211, 51-76. 

Buhren, B. A., Gasis, M., Thorens, B., Muller, H. W., Bosse, F., 2009. 
Glucose-dependent insulinotropic polypeptide (GIP) and its receptor (GIPR): cellular 
localization, lesion-affected expression, and impaired regenerative axonal growth. J 
Neurosci Res 87, 1858-1870. 

Cereda, E., Barichella, M., Pedrolli, C., Klersy, C., Cassani, E., Caccialanza, R., Pezzoli, 
G., 2011. Diabetes and risk of Parkinson's disease: a systematic review and 
meta-analysis. Diabetes Care 34, 2614-2623. 

Chen, H., O'Reilly, E. J., Schwarzschild, M. A., Ascherio, A., 2008. Peripheral 
inflammatory biomarkers and risk of Parkinson's disease. Am J Epidemiol 167, 90-95. 



Neuroprotective effects of D-Ala2-GIP-GLU-PAL 

 17 

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. Eur J Pharmacol 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. J 
Alzheimers Dis 35, 267-283. 

Faivre, E., Holscher, C., 2013b. Neuroprotective effects of D-Ala2GIP on Alzheimer's 
disease biomarkers in an APP/PS1 mouse model. Alzheimers Res Ther 5, 20-28. 

Ferrari, C. C., Tarelli, R., 2011. Parkinson's disease and systemic inflammation. 
Parkinsons Dis 2011, 436813. 

Figueiredo, C. P., Pamplona, F. A., Mazzuco, T. L., Aguiar, A. S., Jr., Walz, R., Prediger, R. 
D., 2010. Role of the glucose-dependent insulinotropic polypeptide and its receptor in 
the central nervous system: therapeutic potential in neurological diseases. Behav 
Pharmacol 21, 394-408. 

Gault, V. A., Holscher, C., 2008. Protease-resistant glucose-dependent insulinotropic 
polypeptide agonists facilitate hippocampal LTP and reverse the impairment of LTP 
induced by beta-amyloid. J Neurophysiol 99, 1590-1595. 

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

Giugni, J. C., Okun, M. S., 2014. Treatment of advanced Parkinson's disease. Curr 
Opin Neurol 27, 450-460. 

Glover, V., Gibb, C., Sandler, M., 1986. The role of MAO in MPTP toxicity--a review. J 
Neural Transm Suppl 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. J Neuroinflammation 5, 19(11-19). 

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

Holscher, C., 2014a. The incretin hormones glucagonlike peptide 1 and 
glucose-dependent insulinotropic polypeptide are neuroprotective in mouse models of 
Alzheimer's disease. Alzheimers Dement 10, S47-S54. 

Holscher, C., 2014b. Insulin, incretins and other growth factors as potential novel 
treatments for Alzheimer's and Parkinson's diseases. Biochem Soc Trans 42, 593-599. 

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. 



Neuroprotective effects of D-Ala2-GIP-GLU-PAL 

 18 

Hussain, M. A., Porras, D. L., Rowe, M. H., West, J. R., Song, W. J., Schreiber, W. E., 
Wondisford, F. E., 2006. Increased pancreatic beta-cell proliferation mediated by CREB 
binding protein gene activation. Mol Cell Biol 26, 7747-7759. 

Irwin, N., Clarke, G. C., Green, B. D., Greer, B., Harriott, P., Gault, V. A., O'Harte, F. P., 
Flatt, P. R., 2006a. Evaluation of the antidiabetic activity of DPP IV resistant N-terminally 
modified versus mid-chain acylated analogues of glucose-dependent insulinotropic 
polypeptide. Biochem Pharmacol 72, 719-728. 

Irwin, N., O'Harte F, P., Gault, V. A., Green, B. D., Greer, B., Harriott, P., Bailey, C. J., 
Flatt, P. R., 2006b. GIP(Lys(16)PAL) and GIP(Lys(37)PAL): Novel Long-Acting Acylated 
Analogues of Glucose-Dependent Insulinotropic Polypeptide with Improved 
Antidiabetic Potential. J Med Chem 49, 1047-1054. 

Jain, D., Jain, R., Eberhard, D., Eglinger, J., Bugliani, M., Piemonti, L., Marchetti, P., 
Lammert, E., 2012. Age- and diet-dependent requirement of DJ-1 for glucose 
homeostasis in mice with implications for human type 2 diabetes. J Mol Cell Biol 4, 
221-230. 

Kano, T., Suzuki, Y., Shibuya, M., Kiuchi, K., Hagiwara, M., 1995. Cocaine-induced 
CREB phosphorylation and c-Fos expression are suppressed in Parkinsonism model 
mice. Neuroreport 6, 2197-2200. 

Kieffer, T. J., McIntosh, C. H., Pederson, R. A., 1995. Degradation of 
glucose-dependent insulinotropic polypeptide and truncated glucagon-like peptide 1 in 
vitro and in vivo by dipeptidyl peptidase IV. Endocrinology 136, 3585-3596. 

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

Kim, S. J., Nian, C., McIntosh, C. H., 2010. GIP increases human adipocyte LPL 
expression through CREB and TORC2-mediated trans-activation of the LPL gene. J Lipid 
Res 51, 3145-3157. 

Kim, S. J., Nian, C., Widenmaier, S., McIntosh, C. H., 2008. Glucose-dependent 
insulinotropic polypeptide-mediated up-regulation of beta-cell antiapoptotic Bcl-2 gene 
expression is coordinated by cyclic AMP (cAMP) response element binding protein 
(CREB) and cAMP-responsive CREB coactivator 2. Mol Cell Biol 28, 1644-1656. 

Kim, S. J., Winter, K., Nian, C., Tsuneoka, M., Koda, Y., McIntosh, C. H., 2005. 
Glucose-dependent insulinotropic polypeptide (GIP) stimulation of pancreatic beta-cell 
survival is dependent upon phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB) 
signaling, inactivation of the forkhead transcription factor Foxo1, and down-regulation 
of bax expression. J Biol Chem 280, 22297-22307. 

Kinemuchi, H., Fowler, C. J., Tipton, K. F., 1987. The neurotoxicity of 
1-methyl-4-phenyl-1,2,3,6,-tetrahydropyridine (mptp) and its relevance to parkinson's 
disease. Neurochem Int 11, 359-373. 

Kopin, I. J., Markey, S. P., 1988. MPTP toxicity: implications for research in Parkinson's 



Neuroprotective effects of D-Ala2-GIP-GLU-PAL 

 19 

disease. Annu Rev Neurosci 11, 81-96. 

Kowal, S. L., Dall, T. M., Chakrabarti, R., Storm, M. V., Jain, A., 2013. The current and 
projected economic burden of Parkinson's disease in the United States. Mov Disord 28, 
311-318. 

Langston, J. W., Forno, L. S., Tetrud, J., Reeves, A. G., Kaplan, J. A., Karluk, D., 1999. 
Evidence of active nerve cell degeneration in the substantia nigra of humans years after 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine exposure. Ann Neurol 46, 598-605. 

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. 
Proc Natl Acad Sci U S A 106, 1285-1290. 

Li, Y., Tweedie, D., Mattson, M. P., Holloway, H. W., Greig, N. H., 2010. Enhancing the 
GLP-1 receptor signaling pathway leads to proliferation and neuroprotection in human 
neuroblastoma cells. J Neurochem 113, 1621-1631. 

Lima, M. M., Targa, A. D., Noseda, A. C., Rodrigues, L. S., Delattre, A. M., dos Santos, F. 
V., Fortes, M. H., Maturana, M. J., Ferraz, A. C., 2014. Does Parkinson's disease and 
type-2 diabetes mellitus present common pathophysiological mechanisms and 
treatments? CNS Neurol Disord Drug Targets 13, 418-428. 

Lupi, R., Del Guerra, S., D'Aleo, V., Boggi, U., Filipponi, F., Marchetti, P., 2010. The 
direct effects of GLP-1 and GIP, alone or in combination, on human pancreatic islets. 
Regul Pept 165, 129-132. 

Maino, B., Ciotti, M. T., Calissano, P., Cavallaro, S., 2014. Transcriptional analysis of 
apoptotic cerebellar granule neurons following rescue by gastric inhibitory polypeptide. 
Int J Mol Sci 15, 5596-5622. 

Martin, C. M., Irwin, N., Flatt, P. R., Gault, V. A., 2013. A novel acylated form of 
(d-Ala(2))GIP with improved antidiabetic potential, lacking effect on body fat stores. 
Biochim Biophys Acta 1830, 3407-3413. 

Miyake, Y., Tanaka, K., Fukushima, W., Sasaki, S., Kiyohara, C., Tsuboi, Y., Yamada, T., 
Oeda, T., Miki, T., Kawamura, N., Sakae, N., Fukuyama, H., Hirota, Y., Nagai, M., Fukuoka 
Kinki Parkinson's Disease Study, G., 2010. Case-control study of risk of Parkinson's 
disease in relation to hypertension, hypercholesterolemia, and diabetes in Japan. J 
Neurol Sci 293, 82-86. 

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. 

Morin, N., Jourdain, V. A., Di Paolo, T., 2014. Modeling dyskinesia in animal models of 
Parkinson disease. Exp Neurol 256, 105-116. 

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



Neuroprotective effects of D-Ala2-GIP-GLU-PAL 

 20 

Nyberg, J., Anderson, M. F., Meister, B., Alborn, A. M., Strom, A. K., Brederlau, A., 
Illerskog, A. C., Nilsson, O., Kieffer, T. J., Hietala, M. A., Ricksten, A., Eriksson, P. S., 2005. 
Glucose-dependent insulinotropic polypeptide is expressed in adult hippocampus and 
induces progenitor cell proliferation. J Neurosci 25, 1816-1825. 

Nyberg, J., Jacobsson, C., Anderson, M. F., Eriksson, P. S., 2007. Immunohistochemical 
distribution of glucose-dependent insulinotropic polypeptide in the adult rat brain. J 
Neurosci Res 85, 2099-2119. 

Paratore, S., Ciotti, M. T., Basille, M., Vaudry, D., Gentile, A., Parenti, R., Calissano, P., 
Cavallaro, S., 2011. Gastric inhibitory polypeptide and its receptor are expressed in the 
central nervous system and support neuronal survival. Cent Nerv Syst Agents Med 
Chem 11, 210-222. 

Park, G., Park, Y. J., Yang, H. O., Oh, M. S., 2013. Ropinirole protects against 
1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)-induced neurotoxicity in mice 
via anti-apoptotic mechanism. Pharmacol Biochem Behav 104, 163-168. 

Patil, S. P., Jain, P. D., Ghumatkar, P. J., Tambe, R., Sathaye, S., 2014. Neuroprotective 
effect of metformin in MPTP-induced Parkinson's disease in mice. Neuroscience 277, 
747-754. 

Paxinos, G., Huang, X., Toga, A., 1999. The Rat Brain in Stereotaxic Coordinates. 
Academic Press, San Diego. 

Porter, D. W., Irwin, N., Flatt, P. R., Holscher, C., Gault, V. A., 2011. Prolonged GIP 
receptor activation improves cognitive function, hippocampal synaptic plasticity and 
glucose homeostasis in high-fat fed mice. Eur J Pharmacol 650, 688-693. 

Pradhan, A., 2007. Obesity, metabolic syndrome, and type 2 diabetes: inflammatory 
basis of glucose metabolic disorders. Nutr Rev 65, S152-156. 

Rial, D., Castro, A. A., Machado, N., Garcao, P., Goncalves, F. Q., Silva, H. B., Tome, A. 
R., Kofalvi, A., Corti, O., Raisman-Vozari, R., Cunha, R. A., Prediger, R. D., 2014. 
Behavioral phenotyping of Parkin-deficient mice: looking for early preclinical features 
of Parkinson's disease. PLoS One 9, e114216. 

Sa, F., Zhang, L. Q., Chong, C. M., Guo, B. J., Li, S., Zhang, Z. J., Zheng, Y., Hoi, P. M., 
Lee, S. M., 2015. Discovery of novel anti-parkinsonian effect of schisantherin A in in 
vitro and in vivo. Neurosci Lett 593, 7-12. 

Santiago, J. A., Potashkin, J. A., 2013. Shared dysregulated pathways lead to 
Parkinson's disease and diabetes. Trends Mol Med 19, 176-186. 

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. 

Schintu, N., Frau, L., Ibba, M., Caboni, P., Garau, A., Carboni, E., Carta, A. R., 2009. 
PPAR-gamma-mediated neuroprotection in a chronic mouse model of Parkinson's 
disease. Eur J Neurosci 29, 954-963. 

Schulz, J. B., 2006. Anti-apoptotic gene therapy in Parkinson's disease. J Neural 



Neuroprotective effects of D-Ala2-GIP-GLU-PAL 

 21 

Transm Suppl, 467-476. 

Sharma, M., Jalewa, J., Holscher, C., 2013. Neuroprotective and anti-apoptotic effects 
of Liraglutide on SH-SY5Y cells exposed to Methylglyoxal stress. J Neurochem 128, 
459-471. 

Sharma, S., Singh, S., Sharma, V., Singh, V. P., Deshmukh, R., 2015. Neurobiology of 
l-DOPA induced dyskinesia and the novel therapeutic strategies. Biomed Pharmacother 
70, 283-293. 

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 Res 765, 183-188. 

Tansey, M. G., Goldberg, M. S., 2010. Neuroinflammation in Parkinson's disease: its 
role in neuronal death and implications for therapeutic intervention. Neurobiol Dis 37, 
510-518. 

Tatarkiewicz, K., Hargrove, D. M., Jodka, C. M., Gedulin, B. R., Smith, P. A., Hoyt, J. A., 
Lwin, A., Collins, L., Mamedova, L., Levy, O. E., D'Souza, L., Janssen, S., Srivastava, V., 
Ghosh, S. S., Parkes, D. G., 2014. A novel long-acting glucose-dependent insulinotropic 
peptide analogue: enhanced efficacy in normal and diabetic rodents. Diabetes Obes 
Metab 16, 75-85. 

Xiromerisiou, G., Hadjigeorgiou, G. M., Papadimitriou, A., Katsarogiannis, E., Gourbali, 
V., Singleton, A. B., 2008. Association between AKT1 gene and Parkinson's disease: a 
protective haplotype. Neurosci Lett 436, 232-234. 

 



Neuroprotective effects of D-Ala2-GIP-GLU-PAL 

 22 

Figure captions 
 
 
Fig. 1A: D-Ala2-GIP-GLU-PAL protects from the MPTP-induced impairment in motor 
activity and exploration of mice. A difference was found between the control group and 
MPTP group. Furthermore, a difference was found between MPTP + 
D-Ala2-GIP-GLU-PAL and MPTP group.  
Fig. 1B: D-Ala2-GIP-GLU-PAL improved the bradykinesia and unbalance of mice induced 
by MPTP. The values represent the means ± S.E.M.; ***P<0.001 compared with the 
control group. #P<0.05, ## P<0.01, and ###P<0.001 compared with the MPTP group. n=8 
per group.  
 
Fig. 2 top: D-Ala2-GIP-GLU-PAL restored tyrosine hydroxylase (TH) positive 
dopaminergic neuron numbers in the substantia nigra. (A – D) – TH positive neuron 
numbers were reduced following treatment with MPTP, and increased by 
D-Ala2-GIP-GLU-PAL. A: Saline; B: D-Ala2-GIP-GLU-PAL; C: MPTP; D: MPTP + 
D-Ala2-GIP-GLU-PAL. Scale bar in image C: 200μm. Graph: D-Ala2-GIP-GLU-PAL 
treatment restored numbers of dopaminergic neurons in MPTP-treated mice.  
Fig. 2 bottom: D-Ala2-GIP-GLU-PAL restored tyrosine hydroxylase (TH) expression in the 
striatum. (A – D) – TH positive nerve fibers were reduced following treatment with 
MPTP, and increased by D-Ala2-GIP-GLU-PAL. A: Saline; B: D-Ala2-GIP-GLU-PAL; C: MPTP; 
D: MPTP + D-Ala2-GIP-GLU-PAL. Scale bar in image C: 500μm. Graph: 
D-Ala2-GIP-GLU-PAL treatment restored levels of TH staining in MPTP-treated mice.  
The values represent the means ± S.E.M. ***P < 0.001 compared with the control 
group. #P < 0.05, and ##P < 0.01 compared with the MPTP group. n=4 per group. 
 
Fig. 3A: D-Ala2-GIP-GLU-PAL reduced the astrocyte activation in the substantia nigra of 
mice induced by MPTP. (A – D) – GFAP positive cell numbers were increased following 
treatment with MPTP, and reduced by D-Ala2-GIP-GLU-PAL. A: Saline; B 
–D-Ala2-GIP-GLU-PAL; C – MPTP; D – MPTP + D-Ala2-GIP-GLU-PAL. Scale bar in image C: 
50μm. Graph: Quantification of area of GFAP positive cell in the substantia nigra 
demonstrates that saline-treated and D-Ala2-GIP-GLU-PAL-treated mouse groups had 
significantly lower expression of GFAP than the MPTP-treated mouse group.   
Fig. 3B: D-Ala2-GIP-GLU-PAL reduced the microglia activation in the substantia nigra of 
mice induced by MPTP. (A – D) – IBA1 expression was increased following treatment 
with MPTP, and reduced by D-Ala2-GIP-GLU-PAL. A: Saline; B: D-Ala2-GIP-GLU-PAL; C: 
MPTP; D: MPTP + D-Ala2-GIP-GLU-PAL. Scale bar in image C: 50μm. Graph: 
Quantification of area of IBA1 positive cell in the substantia nigra demonstrates that 
saline-treated and D-Ala2-GIP-GLU-PAL-treated mouse groups had significantly lower 
expression of IBA1 than the MPTP-treated mouse group. The values represent the 
means ± S.E.M. ***P < 0.001 compared with the control group. ###P < 0.001 compared 
with the MPTP group. n=4 per group. 
 
Fig. 4: D-Ala2-GIP-GLU-PAL reversed the reduction of synaptophysin in the substantia 
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nigra of mice induced by MPTP. The values represents the means ± S.E.M. ***P < 0.001 
compared with the control group. ##P < 0.01 compared with the MPTP group. n=4 per 
group. 
 
Fig. 5: D-Ala2-GIP-GLU-PAL reversed the increase of ratio of Bax/Bcl-2 in the substantia 
nigra of mice induced by MPTP. The values represents the means ± S.E.M. ***P < 0.001 
compared with the control group. ##P < 0.01 compared with the MPTP group. n=4 per 
group. 
 
Fig. 6: D-Ala2-GIP-GLU-PAL moderate reversed the decrease of p-CREBS133 in the 
substantia nigra of mice induced by MPTP. The values represents the means ± S.E.M. 
***P < 0.001 compared with the control group, #P < 0.05 compared with the MPTP 
group. n=4 per group. 
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