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Glucagon-like peptide-1/glucose-dependent 
insulinotropic polypeptide dual receptor agonist DA-
CH5 is superior to exendin-4 in protecting neurons in 
the 6-hydroxydopamine rat Parkinson model

Ling-Yu Zhang1, Qian-Qian Jin2, Christian Hölscher3, 4, Lin Li1, *

Abstract  
Patients with Parkinson’s disease (PD) have impaired insulin signaling in the brain. Incretin hormones, including glucagon-like peptide-1 
(GLP-1) and glucose-dependent insulinotropic polypeptide (GIP), can re-sensitize insulin signaling. In a recent phase II clinical trial, the first 
GLP-1 mimic, exendin-4, has shown reliable curative effect in patients with PD. DA-CH5 is a novel GLP-1/GIP receptor unimolecular co-
agonist with a novel peptide sequence added to cross the blood-brain barrier. Here we showed that both exendin-4 and DA-CH5 protected 
against 6-hydroxydopamine (6-OHDA) cytotoxicity, inhibited apoptosis, improved mitogenesis and induced autophagy flux in SH-SY5Y cells 
via activation of the insulin receptor substrate-1 (IRS-1)/alpha serine/threonine-protein kinase (Akt)/cAMP response element-binding protein 
(CREB) pathway. We also found that DA-CH5 (10 nmol/kg) daily intraperitoneal administration for 30 days post-lesion alleviated motor 
dysfunction in rats and prevented stereotactic unilateral administration of 6-OHDA induced dopaminergic neurons loss in the substantia 
nigra pars compacta. However, DA-CH5 showed curative effects in reducing the levels of α-synuclein and the levels of pro-inflammatory 
cytokines (tumor necrosis factor-α, interleukin-1β). It was also more effective than exendin-4 in inhibiting apoptotic process and protecting 
mitochondrial functions. In addition, insulin resistance was largely alleviated and the expression of autophagy-related proteins was up-
regulated in PD model rats after DA-CH5 treatment. These results in this study indicate DA-CH5 plays a therapeutic role in the 6-OHDA-
unilaterally lesioned PD rat model and is superior to GLP-1 analogue exendin-4. The study was approved by the Animal Ethics Committee of 
Shanxi Medical University of China.
Key Words: neurodegenerative disease; Parkinson’s disease; insulin resistance; inflammation; GLP-1/GIP receptor unimolecular co-agonist 

Chinese Library Classification No. R453; R741; Q421

https://doi.org/10.4103/1673-5374.303045

Date of submission: May 18, 2020 

Date of decision: July 29, 2020 

Date of acceptance: October 17, 2020 

Date of web publication: January 7, 2021 

Introduction 
Parkinson’s disease (PD) is the second most common 
neurodegenerative disease in older individuals (after 
Alzheimer’s disease); there are currently no preventative 
or disease-modifying therapies available for this chronic, 
progressive disease (Habibi et al., 2011). Typical pathological 
characteristics of PD include impaired motor functions, such 

as bradykinesia, resting tremor, and rigidity; a progressive loss 
of dopaminergic neurons in the substantia nigra (SN); and the 
deposition of intraneuronal Lewy bodies (Poewe et al., 2017). 
The pathogenic mechanisms underlying PD have not yet been 
fully elucidated, but evidence suggests that various factors 
bring about the deterioration of vulnerable dopaminergic 
neurons in the SN, such as chronic inflammation, α-synuclein 
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(α-syn) aggregation, mitochondrial dysfunction, and disruption 
of the homeostasis between autophagy and apoptosis (Michel 
et al., 2016). No available treatment can stop dopaminergic 
neuron degeneration or PD progression. Currently, the most 
common treatment is the dopamine precursor levodopa, 
which does not halt or reverse disease progression (De 
Deurwaerdère et al., 2017). A large number of potentially 
promising drug candidates have failed to show convincing 
effects in recent clinical trials (Athauda and Foltynie, 2016a; 
Athauda et al., 2017; Chatterjee and Kordower, 2019). Thus, 
the development of effective drugs remains a vital goal in PD 
research. Recently, it has been observed that people with 
type 2 diabetes mellitus (T2DM) have an increased risk of 
developing PD (Sandyk, 1993; Hu et al., 2007; Cereda et al., 
2011; Santiago and Potashkin, 2013). Moreover, PD symptoms 
are enhanced by diabetes, and patients require higher doses 
of levodopa to reduce their symptoms (Cereda et al., 2012). 
In addition, non-diabetic PD patients show impaired glucose 
tolerance and have insulin levels within the pre-diabetes 
range (Santiago and Potashkin, 2015). In post-mortem brain 
tissue from PD patients, insulin signaling is impaired, and 
the phosphorylation levels of insulin receptors in the basal 
ganglia and SN are greatly increased (Moroo et al., 1994). 
These observations have prompted research into insulin re-
sensitizing drugs, which may be of benefit to PD patients 
(Athauda and Foltynie, 2016b; Hölscher, 2018).

Glucose-dependent insulinotropic polypeptide (GIP) and 
glucagon-like peptide-1 (GLP-1) are members of the incretin 
hormone family, and are both growth factors. Incretin-based 
therapies, including GIP receptor agonists and GLP-1 receptor 
agonists, show promising curative effects on insulinotropic 
secretion and the amelioration of insulin resistance. GLP-
1 receptor agonists are novel anti-diabetic drugs for the 
treatment of T2DM (Baggio and Drucker, 2007; Doyle and 
Egan, 2007). Furthermore, exendin-4 (Exenatide, Byetta, 
Bydureon), which was the first synthetic GLP-1 receptor 
agonist to be developed and licensed for the treatment of 
T2DM, showed therapeutic effects in preclinical tests in PD 
patients (Harkavyi et al., 2008; Li et al., 2009; Kim et al., 2017). 
Other GLP-1 receptor agonists currently on the market for 
the treatment of T2DM (e.g., liraglutide, lixisenatide, and 
dulaglutide) also show reliable neuroprotective effects in PD 
animal models (Liu et al., 2015; Li et al., 2016a; Zhang et al., 
2019). An open-label pilot clinical trial testing exendin-4 in PD 
patients (NCT01174810) demonstrated impressive protective 
effects and reported that this treatment was able to arrest 
disease progression (Aviles-Olmos et al., 2013, 2014). These 
findings were confirmed by a subsequent phase II placebo-
controlled clinical trial (Athauda et al., 2017). Furthermore, 
we have tested the ‘sister’ incretin hormone, GIP, in PD animal 
models. Protease-resistant analogues of GIP have promising 
neuroprotective effects that are comparable with those of 
GLP-1 analogues (Li et al., 2016b, 2017). Recently, novel 
unimolecular dual GLP-1/GIP receptor co-agonists have been 
developed (Finan et al., 2013). Based on these peptides, we 
have previously tested four new unimolecular dual GLP-1/GIP 
receptor co-agonists (DA1-JC, DA3-CH, DA4-JC, and DA-CH5) 
as novel treatments for neurodegenerative disorders. In our 
previous studies, we tested these peptides in animal models 
of PD induced by 1-methyl-4-phenyl-1,2,3,6-tetrahy-1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Kinemuchi et 
al., 1987; Gerlach et al., 1991) and 6-hydroxydopamine (6-
OHDA) (Ma et al., 2014). It has been reported that the older 
dual agonist (DA1-JC) has neuroprotective properties in the 
6-OHDA-lesioned rat model (Jalewa et al., 2017). We also 
revealed that two novel dual agonists (DA4-JC and DA-CH5) 
have improved neuroprotective effects compared with a 
single GLP-1 mimetic (liraglutide) or DA-JC1 in MPTP mouse 
models (Feng et al., 2018; Zhang et al., 2020). These dual 
agonist peptides contain motifs that enhance their uptake into 
the brain (Zhang et al., 2020). However, the MPTP model has 

limitations; for example, it does not develop neuronal loss in 
the substantial nigra (SN). It remains unknown whether DA-
CH5 has similar protective properties against lesions induced 
by 6-OHDA in rats. 

To answer this question, we evaluated the neuroprotective 
properties of exendin-4 and DA-CH5 in 6-OHDA-induced cell 
and rat PD models.
  
Materials and Methods   
Drug preparation
Synthetic exendin-4 and DA-CH5 peptides were provided by 
GL Biochem (Shanghai) Ltd., Shanghai, China. The amino acid 
sequences of the exendin-4 and DA-CH5 were as follows: 
HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS and YXEG
TFTSDYSIYLDKQAAXEFVNWLLAGGPSSGAPPPSKRRQRRKKRGY-
NH2; X is aminoisobutyric acid. Exendin-4 and DA-CH5 were 
dissolved in ultrapure water to a concentration of 1 mg/mL 
and stored at –20°C.

Cell culture and intervention
The SH-SY5Y cell line was purchased from the Cell Bank 
of Chinese Academy of Sciences. Cells were maintained 
in Dulbecco’s modified Eagle’s medium/F12 (1:1; Boster 
Biotechnology, Wuhan, China) supplemented with 10% heat-
inactivated fetal bovine serum (Cell Max, Beijing, China) and 
1% penicillin/streptomycin (Solarbio, Beijing, China) in a 5% 
CO2 humidified atmosphere at 37°C. The 6-OHDA (Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in 0.02% ascorbic 
acid and was freshly prepared for each experiment. After 6 
hours of serum starvation in serum-free Dulbecco’s modified 
Eagle’s medium/F12 (1:1), the cells were seeded in laminin-
coated 96-well plates (Corning, Shanghai, China) at a density 
of 5 × 104 cells/well for 24 hours. The cells were co-treated 
with different concentrations of 6-OHDA (0, 150, 250, 350, 
and 450 µM) for 24 hours in the presence or absence of 100 
nM exendin-4 or DA-CH5.

Cell viability analysis
Cell viability was measured using the 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT; 
Solarbio) assay according to the manufacturer’s instructions. 
Briefly, after the intervention, cells were incubated with the 
MTT solution (0.5 mg/mL) for 3 hours, and were then washed 
with dimethyl sulfoxide to dissolve the formazan crystals. Cell 
viability was then measured using a plate reader (Spectra 
Max 190; Molecular Devices, San Jose, CA, USA) at 570 nm 
absorbance. 

Intracellular reactive oxygen species measurement
Superoxide formation was determined using a reactive oxygen 
species (ROS) Detection Kit (KeyGEN Bio TECH, Nanjing, China) 
according to the manufacturer’s protocol. Briefly, after the 
intervention, cells were treated with the fluorescent probe 
2′,7′-dichlorofluorescin diacetate (10 mM) for 30 minutes at 
37°C. Cells were then collected and washed three times with 
phosphate-buffered saline (PBS). Next, intracellular ROS levels 
were detected by 2′,7′-dichlorofluorescein fluorescence (485 
nm excitation, 520 nm emission) using a flow cytometer (BD 
FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA). The 
data were analyzed using CellQuestPro (BD Biosciences).

Animals and drug administration
Forty adult male Sprague-Dawley rats (aged 8 weeks, weighing 
220–250 g) were purchased from Shanxi Medical University 
Experimental Animal Center. In a 12/12-hour light/dark cycle, 
four to six rats were housed per cage with free access to 
water and a standard rat diet. All studies were carried out 
in accordance with the Guidelines for the Care and Use of 
Laboratory Animals from the National Institutes of Health. The 
study was approved by the Animal Ethics Committee of Shanxi 
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Medical University. The rats were randomly divided into four 
groups: sham, 6-OHDA, 6-OHDA + exendin-4, and 6-OHDA + 
DA-CH5 (n = 10).

Animals were anesthetized with ethyl carbamate solution 
(1000 mg/kg; Aladdin, Shanghai, China) by intraperitoneal 
injection, and received unilateral stereotactic injections of 
6-OHDA (5 µL, 2 mg/mL) using a stereotaxic apparatus (RWD, 
Shenzhen, China). Thirty minutes prior to the stereotactic 
surgery, rats received pargyline (5 mg/kg; MedChemExpress, 
Monmouth Junction, NJ, USA) and desipramine (10 mg/kg;  
MedChemExpress) to prevent 6-OHDA-induced damage in 
noradrenergic terminals. Lesions were made in the right 
medial forebrain bundle (lateral = −1.5 mm, anterior = −2.2 
mm, ventral = –8.0 mm) (Paxinos et al., 1980). The syringe was 
left in place for 10 minutes after 6-OHDA administration. The 
wound was cleaned and sutured, and the rats were carefully 
monitored post-surgery. 

Rats in the 6-OHDA, 6-OHDA + exendin-4, and 6-OHDA + DA-
CH5 groups received daily intraperitoneal injections of saline, 
exendin-4 (10 nmol/kg), or DA-CH5 (10 nmol/kg), respectively, 
for 30 days. The overview of the experimental design is shown 
in Figure 1A. 

Open-field test
The open-field test is often used to measure locomotor activity 
(Peng et al., 2019). The test apparatus (Noldus Information 
Technology, Wageningen, Netherlands) consisted of a 75 cm 
× 75 cm square area surrounded by a wall that was 35 cm 
high. Each rat was placed into the arena and its locomotor 
behavior was observed for 10 minutes. The distance traveled 
and the tracking pattern were measured using a behavior 
tracking system (Noldus Information Technology, Wageningen, 
the Netherlands). After each assessment, the apparatus was 
thoroughly cleaned with 70% ethanol to remove any olfactory 
interference.

Apomorphine rotation test
The rotational response to apomorphine can be used to 
evaluate the extent of unilateral nigrostriatal denervation 
after a unilateral 6-OHDA lesion (Ma et al., 2014). Prior to the 
behavioral test, animals were habituated to the test room 
overnight. Rats were then placed into a square open field (as 
in the open-field test) and allowed to habituate for 10 minutes 
before the subcutaneous injection of apomorphine (0.05 
mg/kg; Absin Bioscience Inc., Shanghai, China). Rats were 
monitored using a behavior tracking system for 30 minutes, 
and the numbers of completed ipsilateral rotations were 
recorded. 

Tissue preparation
Rats were sacrificed and transcardially perfused with 4% 
paraformaldehyde. The brains were removed and fixed in 4% 
paraformaldehyde for 48 hours, and then transferred to 30% 
sucrose in PBS for cryoprotection. Next, the brains were snap 
frozen and cut into coronal sections (40 μm) using a freezing 
microtome (Leica, Wetzlar, Germany). The ipsilateral SN and 
striatum were quickly extracted from the brain and stored at 
−80°C.

Estimation of dopamine and tumor necrosis factor-α in the 
striatum
Striatal dopamine was estimated using a rat dopamine 
enzyme-linked immunosorbent assay (ELISA) kit (Cloud-
Clone Corp., Wuhan, China). Similarly, tumor necrosis factor-α 
(TNF-α) was assayed using a commercial ELISA kit (Cloud-
Clone Corp.). Both the procedures were performed as per the 
manufacturer’s instructions. In brief, striatal samples were 
added to the microtiter plate wells, coated with antibodies 
specific to dopamine or TNF-α, and incubated at 37°C for 2 
hours. After removing the unbound substances from each 

well, biotin-conjugated antibodies were added to the wells 
and the plates were incubated at 37°C for 1 hour. After 
washing, the wells were incubated with avidin-conjugated 
horseradish peroxidase for 30 minutes at 37°C. Finally, the 
reaction was terminated by adding a stop solution. The results 
were quantified at 450 nm using an ELISA reader (ELx808; 
BioTek, Winooski, VT, USA). 

Immunofluorescence staining
After washing with PBS, the SN samples were treated with 
5% goat bovine serum albumin (Boster Biotechnology) 
for 30 minutes. Next, the sections were incubated with 
rabbit anti-tyrosine hydroxylase (TH) antibody (1:100; 
Cat# ab75875; Abcam, Cambridge, UK) or rabbit anti-glial 
fibrillary acidic protein (GFAP) antibody (1:100; Cat# PB0046; 
Boster Biotechnology) at 4°C overnight. After washing three 
times with PBS, the sections were treated with fluorescein 
isothiocyanate-conjugated goat anti-rabbit IgG (1:200; Cat# 
BA1105; Boster Biotechnology) for 2 hours in the dark at 37°C. 
Images were taken with a fluorescence microscopy (BX51; 
Olympus, Tokyo, Japan) and subsequently analyzed using 
Image J software (National Institutes of Health, Bethesda, MD, 
USA).

Western blot analysis
For protein extraction, the SN and striatal samples and the 
cells were lysed in radio-immunoprecipitation assay Lysis 
Buffer (Beyotime Biotechnology, Shanghai, China) with 1% 
phenylmethylsulfonyl fluoride (Beyotime Biotechnology) 
and 1% phosphatase inhibitor (Boster Biotechnology) for 1 
hour. The rat SN was lysed using a homogenizer in the radio-
immunoprecipitation assay lysis buffer. Before removing 
insoluble substances, the lysates were centrifuged at 12,000 
r/min at 4°C for 20 minutes. A bicinchoninic acid (BCA) 
Protein Assay Kit (Boster Biotechnology) was then used to 
determine protein concentrations. Samples were separated 
on a sodium dodecyl sulphate-polyacrylamide gel (12%) and 
transferred onto polyethylene difluoride membranes (Boster 
Biotechnology). The membranes were then blocked with a 
bovine serum albumin/Tris-buffered saline blocking solution 
(Boster Biotechnology) at room temperature for 2 hours and 
incubated with primary antibody in a Tris-buffered saline/
Tween solution at 4°C overnight. The primary antibodies were 
as follows: rabbit anti-TH antibody (1:500; Cat# ab75875; 
Abcam), rabbit anti-α-syn antibody (1:500; Cat# 2642; 
Cell Signaling Technology, Danvers, MA, USA), rabbit anti-
interleukin-1β (IL-1β) antibody (1:500; Cat# BS6067; Bioworld 
Technology, St. Louis, MO, USA), rabbit anti-TNF-α antibody 
(1:500; Cat# BS6000; Bioworld Technology), rabbit anti-
insulin receptor substrate 1 (IRS-1) antibody (1:500; Cat# 
BS3590; Bioworld Technology), rabbit anti-phospho-IRS-1ser312  
antibody (1:500; Cat# BS4633; Bioworld Technology), rabbit 
anti-phospho-protein kinase B (Akt)ser473 antibody (1:500; 
Cat# 4060; Cell Signaling Technology), rabbit anti-pan-
Akt antibody (1:500; Cat# ab8805; Abcam), rabbit anti-
phospho-cAMP response element-binding protein (CREB)ser129  
antibody (1:500; Cat# BS4781; Bioworld Technology), 
rabbit anti-pan-CREB antibody (1:500; Cat# BS9811M; 
Bioworld Technology), rabbit anti-proliferator-activated 
receptor-gamma coactivator 1α (PGC-1α) antibody (1:500; 
Cat# BS91062; Bioworld Technology), rabbit anti-nuclear 
respiratory factor 1 (NRF-1) antibody (1:500; Cat# BS7179; 
Bioworld Technology), rabbit anti-BCL-2 antibody (1:500; Cat# 
BS70205; Bioworld Technology), rabbit anti-BAX antibody 
(1:500; Cat# BS2538; Bioworld Technology), rabbit anti-
phospho-BADser136 antibody (1:250; Cat# BS4021; Bioworld 
Technology), rabbit anti-phospho-BAD antibody (1:250; 
Cat# BS9832M; Bioworld Technology), rabbit anti-active 
caspase-3 antibody (1:500; Cat# ab2302; Abcam), rabbit anti-
caspase-3 antibody (1:500; Cat# ab4051; Abcam), rabbit anti-
Beclin-1 antibody (1:500; Cat# AP0768; Bioworld Technology), 
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rabbit anti-sequestosome (SQSTM) 1 antibody (1:500; Cat# 
AP6006; Bioworld Technology), rabbit anti-β-actin antibody 
(1:2000; Cat# AP0714; Bioworld Technology), and rabbit anti-
glyceraldehyde-3-phosphate dehydrogenase antibody (1:2000; 
Cat# AP0063; Bioworld Technology). After the membranes 
were incubated for 2 hours at room temperature with 
horseradish peroxidase-labeled goat anti-rabbit IgG (1:5000; 
Cat# BA1054; Boster Biotechnology), the band intensities 
were analyzed using a chemiluminescent imaging system (Sage 
Creation, Beijing, China). The protein levels were expressed 
as intensity relative to the control, and were normalized 
using β-actin or glyceraldehyde-3-phosphate dehydrogenase 
expression.

Statistical analysis
The data are presented as the mean ± standard deviation 
(SD). Data were analyzed using one-way analysis of variance 
followed by Tukey’s multiple comparison test, using GraphPad 
Prism 5.0 software (GraphPad Software, San Diego, CA, 
USA). A probability of P < 0.05 was considered statistically 
significant.

Results
Incretin analogues increase the viability of 6-OHDA-treated 
SH-SY5Y cells
To examine the neuroprotective effects of exendin-4 and DA-
CH5 on SH-SY5Y cells, we used the MTT assay to detect cell 
viability. Cell viability decreased in a dose-dependent manner 
with different doses of 6-OHDA for 24 hours. As shown in 
Figure 2A, 350 µM 6-OHDA induced neuronal death at a 
rate of approximately 50%. This concentration was used for 
subsequent experiments. Both exendin-4 and DA-CH5 at 100 
nM markedly prevented 6-OHDA-induced neuronal loss (P < 
0.05 or P < 0.001). Additionally, cell viability in the 6-OHDA + 
DA-CH5 group was higher than that in the 6-OHDA + exendin-4 
group (P < 0.01; Figure 2B). 

Incretin analogues reduce intracellular ROS accumulation in 
6-OHDA-treated SH-SY5Y cells
To determine the antioxidative properties of exendin-4 and 
DA-CH5 in 6-OHDA-mediated neurotoxicity in a neuronal 
cell line, we used flow cytometry to analyze intracellular 
ROS levels. 6-OHDA treatment significantly increased ROS 
levels in SH-SY5Y cells (P < 0.001, vs. control group), while co-
treatment with exendin-4 or DA-CH5 significantly suppressed 
these changes (both P < 0.001, Figure 3). Furthermore, 
intracellular ROS levels in the 6-OHDA + DA-CH5 group were 
lower than those in the 6-OHDA + exendin-4 group (P < 0.05).

Incretin analogues reverse 6-OHDA-induced apoptosis-
related protein expression
Compared with the control group, 6-OHDA markedly 
increased the expression of BAX (P < 0.001, vs. control group) 
and decreased the expression of BCL-2 (P < 0.01, vs. control 
group). Both exendin-4 (BAX, P < 0.01; BCL-2, P < 0.05; vs. 
6-OHDA group) and DA-CH5 (BAX, P < 0.001; BCL-2, P < 0.01; 
vs. 6-OHDA group) reversed the abnormal expression of BAX 
and BCL-2; DA-CH5 also altered the expression of p-BADser136 
(P < 0.01, vs. 6-OHDA group). Moreover, DA-CH5 treatment 
partially upregulated p-BADser136 phosphorylation compared 
with exendin-4 treatment (P < 0.05; Figure 4). These results 
indicate that both exendin-4 and DA-CH5 alleviate 6-OHDA-
induced SH-SY5Y cell injury by inhibiting the expression of 
apoptosis-related proteins.

Incretin analogues ameliorate insulin signaling 
desensitization in 6-OHDA-treated SH-SY5Y cells
Incretin analogues target their receptors, which activate 
insulin signaling pathways, including IRS-1 and its downstream 
signaling molecules Akt and CREB (Athauda and Foltynie, 
2018). There was a significant increase in p-IRS-1ser312 in the 

6-OHDA group compared with the control group (P < 0.001). 
In contrast, p-IRS-1ser312 levels were slightly decreased in the 
6-OHDA + exendin-4 and 6-OHDA + DA-CH5 groups compared 
with the 6-OHDA group (both P < 0.05; Figure 5A and B). 
Furthermore, p-Aktser473 expression in the 6-OHDA + exendin-4 
and 6-OHDA + DA-CH5 groups was significantly increased 
compared with the 6-OHDA group (both P < 0.001). Moreover, 
p-Aktser473 phosphorylation in the 6-OHDA + DA-CH5 group was 
partially upregulated compared with the 6-OHDA + exendin-4 
group (P < 0.05; Figure 5A and C). There was also a significant 
increase in p-CREBser129 expression in the 6-OHDA + exendin-4 
and 6-OHDA + DA-CH5 groups compared with the 6-OHDA 
group (P < 0.01; Figure 5A and D). These results indicate that 
exendin-4 and DA-CH5 may alleviate 6-OHDA-induced insulin 
signaling pathway disturbances by regulating IRS-1, Akt, and 
CREB phosphorylation.

Incretin analogues normalize mitogenesis-related protein 
expression in 6-OHDA-treated SH-SY5Y cells
As demonstrated in Figure 6, 6-OHDA treatment suppressed 
the protein expression of PCG-1α (P < 0.001, vs. control group) 
and NRF-1 (P < 0.001, vs. control group). This effect was 
partially attenuated by DA-CH5 treatment (PCG-1: P < 0.05; 
NRF-1: P < 0.001) in SH-SY5Y cells. 

Incretin analogues promote autophagy-related protein 
expression in 6-OHDA-treated SH-SY5Y cells
Both exendin-4 and DA-CH5 upregulated the protein 
expression of SQSTM1 (both P < 0.01, vs. 6-OHDA group; 
Figure 7A and B). A similar result was observed in another 
autophagy-related protein; both exendin-4 and DA-CH5 
enhanced Beclin-1 (P < 0.05 or P < 0.01, vs. 6-OHDA group; 
Figure 7A and C).

Incretin analogues improve cognitive function in a PD model 
rat
Open-field test
We explored the effects of incretin analogue treatment on 
locomotor activity in the open-field test in rats with 6-OHDA 
lesions (Figure 1B–D). The total distance traveled was 
significantly lower in the 6-OHDA group compared with the 
sham group (P < 0.001). Furthermore, exendin-4 and DA-
CH5 treatment tended to ameliorate this deficit in locomotor 
behavior (P < 0.05 or P < 0.001, vs. 6-OHDA group).

Apomorphine rotational test
A greater number of ipsilateral rotations were produced by 
6-OHDA compared with the sham group (P < 0.001). Both 
exendin-4 and DA-CH5 treatments were able to prominently 
reduce the number of rotations induced by 6-OHDA (both P 
< 0.001). Furthermore, the therapeutic effect of DA-CH5 was 
superior to that of exendin-4 (P < 0.05; Figure 8). 

Incretin analogues protect striatal dopamine content and 
dopaminergic neurons in the SN of rats against 6-OHDA 
induced neurotoxicity
Compared with sham rats, 6-OHDA-treated rats had a marked 
reduction in striatal dopamine levels (P < 0.01). However, only 
DA-CH5 treatment was able to partially recover the dopamine 
depletion compared with the 6-OHDA group (P < 0.05; Figure 
9A). To further assess the presence of dopaminergic cell injury 
caused by 6-OHDA toxicity, immunofluorescence staining 
was performed to analyze the neuronal presence of TH, as 
an index of dopamine synthesis (Daubner et al., 2011). There 
was a reduction in TH immunopositivity in the ipsilateral SN of 
6-OHDA-lesioned rats (P < 0.001, vs. sham group). However, 
there was increased TH immunopositivity in the 6-OHDA 
+ exendin-4 and 6-OHDA + DA-CH5 groups compared with 
the 6-OHDA group (P < 0.01 or P < 0.001; Figure 9B and C), 
suggesting that incretin peptides are able to alleviate 6-OHDA-
induced toxicity. Similar results were observed in the western 



1664  ｜NEURAL REGENERATION RESEARCH｜Vol 16｜No. 8｜August 2021

BA

0 d   1 d   2 d   3 d 29 d  30 d  29 d  30 d

Stereotactic 
surgery Treatment with drugs SacrificeBehavioral 

assessment

Midbrain tissue dissection, 
ELISA, immunohistochemistry, 

western blotting
Sham 6-OHDA 6-OHDA + Exendin 4 6-OHDA + DA5

Sham 6-OHDA 6-OHDA + Exendin 4 6-OHDA + DA5

C D

Sham
6-OHDA
6-OHDA + Exendin 4
6-OHDA + DA5

8000

6000

4000

2000

0

D
is

ta
nc

e 
(c

m
)

‡‡‡

‡
$

‡
$$$

Figure 1 ｜ Effects of exendin-4 and DA-CH5 on locomotor activity in the open-field test in 6-OHDA-induced PD rats. 
(A) Schematic diagram of the animal experimental design. (B–D) Open-field test. Activity was recorded for 10 minutes. (B) Video tracking of locomotor activity 
patterns. (C) Heat maps of location distributions. (D) The overall distance covered was reduced by 6-OHDA lesions and normalized by exendin-4 or DA-CH5 
treatment. Data are expressed as the mean ± SD (n = 8). ‡P < 0.05, ‡‡‡P < 0.001, vs. sham group; $P < 0.05, $$$P < 0.001, vs. 6-OHDA group (one-way analysis 
of variance followed by Tukey’s multiple comparison test). 6-OHDA: 6-Hydroxydopamine; exendin-4 and DA-CH5: glucagon-like peptide-1/glucose-dependent 
insulinotropic polypeptide dual receptor agonist; PD: Parkinson’s disease.
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Figure 2 ｜ Effects of exendin-4 and DA-CH5 on the viability of 6-OHDA-treated 
SH-SY5Y cells as detected by the MTT assay.
(A) 6-OHDA treatment induced neuronal death in a dose-dependent manner. (B) Cells 
were exposed to 350 µM 6-OHDA with or without 100 nM of exendin-4 or DA-CH5 for 
24 hours. Exendin-4 and DA-CH5 prevented 6-OHDA-induced neuronal death. Data are 
expressed as the mean ± SD. The experiments were repeated four (A) or five (B) times. 
**P < 0.01, ***P < 0.001, vs. control group (CON); ###P < 0.001, vs. 150 µM 6-OHDA 
group; &&&P < 0.001, vs. 250 µM 6-OHDA group; †P < 0.05, †††P < 0.001, vs. 350 µM 
6-OHDA group; §§P < 0.01, vs. 350 6-OHDA + exendin-4 group (one-way analysis of 
variance followed by Tukey’s multiple comparison test). 6-OHDA: 6-Hydroxydopamine; 
exendin-4 and DA-CH5: glucagon-like peptide-1/glucose-dependent insulinotropic 
polypeptide dual receptor agonist; MTT: 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide; PD: Parkinson’s disease.
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Figure 3 ｜ Effects of exendin-4 and DA-CH5 on 
6-OHDA-induced ROS production in SH-SY5Y 
cells. 
Cells were exposed to 350 µM 6-OHDA with 
or without 100 nM of exendin-4 or DA-CH5 
for 24 hours. (A) ROS generation in SH-SY5Y 
cells was detected using flow cytometry. (B) 
Quantitative results of intracellular ROS levels 
(fluorescence intensity of 2′,7′-dichlorofluorescin 
diacetate). Data are expressed as the mean ± 
SD of quadruplicate independent experiments. 
***P < 0.001, vs. control group (CON); †††P < 
0.001, vs. 6-OHDA group; §P < 0.05, vs. 6-OHDA 
+ exendin-4 group (one-way analysis of variance 
followed by Tukey’s multiple comparison test). 
6-OHDA: 6-Hydroxydopamine; DCFH-DA: 
2′,7′-dichlorofluorescin diacetate, a fluorescent 
probe; exendin-4 and DA-CH5: glucagon-like 
peptide-1/glucose-dependent insulinotropic 
polypeptide dual receptor agonist; PD: Parkinson’s 
disease; ROS: reactive oxygen species.

Figure 4 ｜ Effects of exendin-4 and DA-CH5 on apoptosis-related protein expression in 6-OHDA-treated SH-SY5Y cells.
Cells were treated with 350 µM of 6-OHDA with or without 100 nM of exendin-4 or DA-CH5 for 24 hours. (A) Bands of apoptosis-related proteins. β-Actin 
was used as the loading control. (B–D) Quantitative results of Bax (B), Bcl-2 (C), and p-Badser136 expression. All data are represented as the mean ± SD of 
quadruplicate independent experiments. **P < 0.01, ***P < 0.001, vs. control group (CON); †P < 0.05, ††P < 0.01, †††P < 0.001, vs. 6-OHDA group; §P < 0.05, 
vs. 6-OHDA + exendin-4 group (one-way analysis of variance followed by Tukey’s multiple comparison test). 6-OHDA: 6-Hydroxydopamine; exendin-4 and DA-
CH5: glucagon-like peptide-1/glucose-dependent insulinotropic polypeptide dual receptor agonist; PD: Parkinson’s disease.
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Figure 5 ｜ Effects of exendin-4 and DA-CH5 on insulin desensitization-related protein expression in 6-OHDA-treated SH-SY5Y cells. 
Cells were treated with 350 µM of 6-OHDA with or without 100 nM of exendin-4 or DA-CH5 for 24 hours. (A) Bands of insulin desensitization-related proteins. 
β-Actin was used as the loading control. (B–D) Quantitative results of p-IRS-1ser312 (B), p-Aktser473 (C), and p-CREBser129 (D) expression. All data are represented 
as the mean ± SD of quadruplicate independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, vs. control group (CON); †P < 0.05, ††P < 0.01, vs. 6-OHDA 
group; §P < 0.05, vs. 6-OHDA + exendin-4 group (one-way analysis of variance followed by Tukey’s multiple comparison test). 6-OHDA: 6-Hydroxydopamine; 
Akt: alpha serine/threonine-protein kinase; CREB: cAMP response element-binding protein; exendin-4 and DA-CH5: glucagon-like peptide-1/glucose-dependent 
insulinotropic polypeptide dual receptor agonist; IRS-1: insulin receptor substrate-1; PD: Parkinson’s disease.

Figure 6 ｜ Effects of exendin-4 and DA-CH5 on mitogenesis-related protein expression in 6-OHDA-treated SH-SY5Y cells. 
Cells were treated with 350 µM of 6-OHDA with or without 100 nM of exendin-4 or DA-CH5 for 24 hours. (A) Bands of mitogenesis-related proteins. GAPDH 
was used as the loading control. (B, C) Quantitative results of PGC-1α (B) and NRF-1 (C) expression. All data are represented as the mean ± SD of quadruplicate 
independent experiments. ***P < 0.001, vs. control group (CON); †P < 0.05, †††P < 0.001, vs. 6-OHDA group; §P < 0.05, vs. 6-OHDA + exendin-4 group (one-
way analysis of variance followed by Tukey’s multiple comparison test). 6-OHDA: 6-Hydroxydopamine; exendin-4 and DA-CH5: glucagon-like peptide-1/glucose-
dependent insulinotropic polypeptide dual receptor agonist; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; NRF-1: nuclear respiratory factor 1; PD: 
Parkinson’s disease; PGC-1α: proliferator-activated receptor-gamma coactivator 1α.

Figure 7 ｜ Effects of exendin-4 and DA-CH5 on autophagy-related protein expression in 6-OHDA-treated SH-SY5Y cells. 
Cells were treated with 350 µM of 6-OHDA with or without 100 nM of exendin-4 or DA-CH5 for 24 hours. (A) Bands of autophagy-related proteins. GAPDH was 
used as the loading control. (B, C) Quantitative results of SQSTM1 (B) and Beclin-1 (C). All data are represented as the mean ± SD of quadruplicate independent 
experiments. **P < 0.01, ***P < 0.001, vs. control group (CON); †P < 0.05, ††P < 0.01, vs. 6-OHDA group (one-way analysis of variance followed by Tukey’s 
multiple comparison test). 6-OHDA: 6-Hydroxydopamine; exendin-4 and DA-CH5: glucagon-like peptide-1/glucose-dependent insulinotropic polypeptide dual 
receptor agonist; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; PD: Parkinson’s disease; SQSTM1: sequestosome 1.
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Figure 8 ｜ Effects of exendin-4 and DA-CH5 on the apomorphine rotation test in 
6-OHDA-induced PD rats. 
Animals received apomorphine (0.05 mg/kg) via subcutaneous injection and activity 
was recorded for 30 minutes. (A) Video tracking of the apomorphine rotation test. (B) 
Quantitative results of contralateral turns in the apomorphine rotation test. Data are 
expressed as the mean ± SD (n = 10). ‡‡‡P < 0.001, vs. sham group; $$$P < 0.001, vs. 
6-OHDA group; &P < 0.05, vs. 6-OHDA + exendin-4 group (one-way analysis of variance 
followed by Tukey’s multiple comparison test). 6-OHDA: 6-Hydroxydopamine; exendin-4 
and DA-CH5: glucagon-like peptide-1/glucose-dependent insulinotropic polypeptide 
dual receptor agonist; PD: Parkinson’s disease.
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blot assay; 6-OHDA-lesioned rats had decreased TH expression 
in the SN compared with the sham group (P < 0.001). Both 
exendin-4 and DA-CH5 treatment led to a small increase in TH 
expression (both P < 0.01, vs. 6-OHDA group; Figure 9D and E).

Incretin analogues reduce 6-OHDA-induced α-syn expression 
in the rat SN 
Results of western blot assays demonstrated an almost four-
fold increase in α-syn expression in 6-OHDA rats compared 
with sham rats (P < 0.001). After treatment with exendin-4 
or DA-CH5, α-syn expression was lower than in the 6-OHDA 
group (P < 0.05 or P < 0.01; Figure 10).

Incretin analogues alleviate astrocyte activation and reduce 
6-OHDA-induced increases in pro-inflammatory cytokines in 
the rat striatum 
To investigate whether incretin analogue treatments were 
able to improve 6-OHDA-induced neuroinflammation, the 
activation of astrocytes and the expression of IL-1β and TNF-α 
were evaluated. 

GFAP was used as a marker of astrocyte proliferation and 
activation (Siracusa et al., 2019). Quantitative analysis 
indicated that 6-OHDA markedly increased the number of 
GFAP-positive cells compared with the sham group (P < 0.001). 
Exendin-4 and DA-CH5 attenuated the number of GFAP-
positive cells that were induced by 6-OHDA (P < 0.05 or P < 
0.01, vs. 6-OHDA group; Figure 11A and B).

ELISA results revealed that TNF-α levels in the striatum of 
the 6-OHDA group were significantly higher than those in 
the sham group (P < 0.05). Moreover, exendin-4 and DA-CH5 
decreased the TNF-α levels in the striatum compared with the 
6-OHDA group (both P < 0.05; Figure 11C). 

The results of western blot assays revealed that 6-OHDA 
toxicity highly upregulated the expression of IL-1β and TNF-α 
compared with sham rats (both P < 0.001, vs. sham group). 
However, exendin-4 or DA-CH5 treatment significantly 
attenuated IL-1β (P < 0.05 or P < 0.001) and TNF-α (P < 0.05 
or P < 0.001) expression compared with the 6-OHDA group. 
Furthermore, IL-1β expression in the 6-OHDA + DA-CH5 group 
was downregulated compared with the 6-OHDA + exendin-4 
group (P < 0.05; Figure 11D–F).

Incretin analogues protect dopaminergic neurons in the rat 
SN against 6-OHDA-induced insulin resistance 
To evaluate the insulin signaling pathway, phosphorylated IRS-
1 was analyzed by western blot assay. 6-OHDA significantly 
elevated the phosphorylation levels of IRS-1 in the SN 
compared with the sham group (P < 0.001). Moreover, the 
protein expression of pIRS-1Ser129 was lower in the 6-OHDA 
+ exendin-4 and 6-OHDA + DA-CH5 groups compared with the 
6-OHDA group (P < 0.05 or P < 0.01; Figure 12A and B).

Activation of the PCG-1α and NRF-1 pathway is recognized 
as a key element that confers resistance to mitochondrial 
stress (Cheng et al., 2010). Compared with the sham group, 
PCG-1α and NRF-1 expression levels were decreased in the 
6-OHDA group (both P < 0.001). However, PCG-1α and NRF-
1 expression levels were increased after exendin-4 (PCG-1α, 
P < 0.05 and NRF-1, P < 0.001; vs. 6-OHDA group) or DA-CH5 
(PCG-1α, P < 0.05 and NRF-1, P < 0.01; vs. 6-OHDA group) 
treatment (Figure 12A, C, and D).

Incretin analogues affect apoptosis-related protein 
expression in dopaminergic neurons of the SN in 6-OHDA-
treated rats
To determine the specificity of the neuroprotective effects 
against apoptosis, apoptosis-related proteins were investigated 
using western blot assays. Compared with the sham group, 
the activated-caspase-3/caspase-3 ratio was elevated under 
6-OHDA stress (P < 0.001, vs. sham group), while exendin-4 

or DA-CH5 counteracted the effects of 6-OHDA (P < 0.01 or P 
< 0.001; Figure 13A and B). In the SN of the 6-OHDA group, 
there was an increase in BAX expression and a reduction in 
BCL-2 expression (both P < 0.001, vs. sham group), while these 
abnormal protein expressions were partially improved in the 
6-OHDA + exendin-4 (P < 0.01 or P > 0.05, vs. 6-OHDA group) 
and 6-OHDA + DA-CH5 (both P < 0.001, vs. 6-OHDA group) 
groups. In addition, the anti-apoptotic effects (as measured 
by BCL-2 expression) of DA-CH5 were superior to those of 
exendin-4 (P < 0.05; Figure 13).

Incretin analogues protect dopaminergic neurons in the SN 
of rats by normalizing autophagy 
Protein markers of autophagy, such as SQSTM1 and Beclin-1, 
were determined by western blot assay. Treatment with either 
exendin-4 or DA-CH5 enhanced Beclin-1 expression compared 
with the 6-OHDA group (P < 0.05 or P < 0.01). However, only 
DA-CH5 treatment promoted SQSTM1 expression compared 
with the 6-OHDA group (P < 0.01). Furthermore, SQSTM1 
expression was higher in the 6-OHDA + DA-CH5 group than in 
the 6-OHDA + exendin-4 group (P < 0.01; Figure 14).

Discussion
T2DM is considered a risk factor for neurodegenerative 
diseases, and accumulating evidence suggests that the 
desensitization of insulin signaling is a key underlying 
pathogenic mechanism of PD (Freiherr et al., 2013; Athauda 
and Foltynie, 2016b; Hölscher, 2018). Initially, the activity of 
incretin hormones for the treatment of T2DM was thought 
to involve the stimulation of pancreatic β-cells to release 
insulin (Baggio and Drucker, 2007). However, the results of 
the present and previous studies have demonstrated that 
these hormones also have potent neuroprotective and 
neurorestorative properties, making them potential therapies 
for neurodegenerative disorders (Perry and Greig, 2002; 
Hölscher, 2018). Importantly, GLP-1 and GIP can re-sensitize 
insulin signaling in the brain (Bomfim et al., 2012; Long-
Smith et al., 2013; Shi et al., 2017). In the current study, both 
exendin-4 and DA-CH5 had neuroprotective effects in the 
rat brain, supporting the hypothesis that incretin receptor 
activation can protect against 6-OHDA neurotoxicity. The 
unimolecular dual GLP-1/GIP receptor co-agonist DA-CH5 was 
more effective than the GLP-1 analogue exendin-4. These 
results support our previous findings, which demonstrated the 
clear neuroprotective effects of DA-CH5 in an MPTP mouse 
model of PD (Feng et al., 2018; Zhang et al., 2020).

Various motor symptoms in PD can be attributed to both 
progressive neuronal loss in specific areas of the SN and 
dopamine depletion in the striatum (Poewe et al., 2017). The 
use of 6-OHDA to cause a unilateral lesion in the nigrostriatal 
pathway of rats, thereby inducing dopaminergic deficiency 
and unilateral motor deficits, is a commonly used animal 
model that mimics pathological features of PD (Blandini, 
2013; Ma et al., 2014). Consistent with our previous report 
(Jalewa et al., 2017), we revealed that 4 weeks after 6-OHDA 
injection into the medial forebrain bundle, animals exhibited 
ipsilateral rotations after an apomorphine challenge. This 
finding implies the deterioration of dopamine transmission in 
the lesioned striatum. Furthermore, rats treated with 6-OHDA 
had marked reductions in striatal dopamine levels and a 
loss of dopaminergic neurons in the SN. Thus, the observed 
neuroprotective effects of exendin-4 and DA-CH5 included 
the partial alleviation of motor impairments and the reversal 
of striatal dopamine depletion. Moreover, DA-CH5 was more 
effective than exendin-4 in restoring dopamine levels in the 
brain.

Widespread intracellular misfolded α-syn (in Lewy bodies) is 
another characteristic feature of some forms of PD (Bengoa-
Vergniory et al., 2017). The fibrillation process of α-syn 
includes two stages (Ghosh et al., 2017): (1) the native 
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unfolded monomeric α-syn proteins convert to β-sheet pre-
fibrils/oligomers under pathological conditions; and (2) the 
progressive elongation and aggregation of pre-formed α-syn 
fibrils can lead to the accumulation of amyloid-like structures, 
such as Lewy bodies found in fronto-temporal dementia. Some 
studies appear to show that soluble oligomers and prefibrillar 
oligomers are the main culprits of neuronal degeneration 
(Danzer et al., 2007; Winner et al., 2011). Although the 
underlying pathological mechanism underlying the toxicity of 
α-syn oligomers has not been demonstrated in PD, it has been 
proposed that α-syn oligomer-induced neurodegeneration 
may involve a variety of intracellular pathophysiological 
activities, such as mitochondrial dysfunction, oxidative stress, 
neuroinflammation, and autophagy impairment (Bengoa-
Vergniory et al., 2017). In the current study, α-syn oligomer 
levels were significantly reduced after exendin-4 and DA-CH5 
treatment. 

A wide range of factors can activate glial cells and innate 
immunity in the central nervous system, which leads to 
the production of ROS, pro-inflammatory cytokines, and 
subsequent neuronal damage (Caggiu et al., 2019). Post-
mortem studies have found activated microglial and astroglial 
cells within the SN. In addition, higher concentrations of 
cytokines, such as IL-1β and TNF-α, have been found in the 
striatum and cerebrospinal fluid of patients with PD (Hirsch 
and Hunot, 2009). The aforementioned studies suggest 
that progressive inflammation is a pathological element, 
indicating that the inhibition of glial cell overactivation may be 
a promising treatment strategy for PD. Our data demonstrate 
that both exendin-4 and DA-CH5 treatment can attenuate 
6-OHDA-induced astrogliosis, and can also suppress IL-1β and 
TNF-α expression in the striatum and SN under 6-OHDA stress; 
again, DA-CH5 was more effective in the present study. These 
findings indicate that exendin-4 and DA-CH5 may achieve 
neuroprotection by suppressing the inflammatory response. 

In the brain, insulin signaling significantly impacts on neuronal 
growth and repair, synaptogenesis, energy utilization, 
cognitive performance, and memory formation (Ghasemi 
et al., 2013; Hölscher, 2014). When insulin binds to its 
receptors, IRS-1 mediates the activation of downstream 
intracellular secondary messenger cascade pathways to 
transmit the insulin signal (Adamo et al., 1989). A number of 
studies have analyzed how insulin resistance might influence 
neurodegeneration, including in Alzheimer’s disease and 
PD (Steen et al., 2005; Freiherr et al., 2013; Talbot and 
Wang, 2014). A key driving force of insulin desensitization 
is the effect of pro-inflammatory cytokines (Blandini, 2013; 
Clark and Vissel, 2014). Through activation of the IRS-1/Akt/
CREB pathway, insulin can modulate mitochondrial activity 
by mediating the expression of PCG-1α/NRF-1, which are 
important promoters that enhance mitogenesis (Patti et al., 
2003). Furthermore, reduced PCG-1α and NRF-1 expression 
promotes mitochondrial dysfunction and plays a critical 
role in the pathogenesis of PD (Corona and Duchen, 2015). 
Our previously study demonstrated that another GLP-
1 analogue, liraglutide, and the unimolecular GLP-1/GIP 
receptor co-agonists DA4-JC and DA-CH5 are able to partly 
reverse insulin desensitization in Alzheimer’s disease animal 
models (Long-Smith et al., 2013; Shi et al., 2017; Li et al., 
2020). In the present study, our results also emphasize the 
potent neuroprotective actions of exendin-4 and DA-CH5 for 
restoring insulin sensitization and attenuating mitochondrial 
dysfunction in this PD rat model. 

Mitochondrial homeostasis plays a crucial role for activating 
both autophagy and apoptosis. Mitochondrial dysfunction 
is triggered by internal stress, and results in cytochrome c 
release and apoptotic cell death (Fuchs and Steller, 2011). The 
mitochondrial outer membrane recruits autophagy-related 
proteins to initialize the biogenesis of autophagosomes. 
Mitochondria additionally regulate autophagy by interacting 

with autophagy initiation complexes and triggering autophagy-
mediated cell death by cytochrome c release (Betin and Lane, 
2009; Hailey et al., 2010; Takahashi et al., 2011). Furthermore, 
autophagy and apoptosis share common signaling pathways 
and exhibit a dynamic balance (Maiuri et al., 2007). For 
example, Beclin-1 inhibits apoptosis by interacting with BCL-
2 family proteins to form Beclin-1–BCL-2/BCLxL complexes 
(Wei et al., 2008). Furthermore, caspase-mediated cleavage 
of Beclin-1 generates C- and N-terminal fragments that lose 
their ability to induce autophagy (Djavaheri-Mergny et al., 
2010). The enhancement of autophagy and the inhibition of 
apoptosis may be novel therapeutic targets for the treatment 
of PD (Ghavami et al., 2014). Here, we present direct evidence 
that the protective effects of exendin-4 and DA-CH5 involve 
the inhibition of apoptosis and the induction of autophagy 
by reducing the active-Caspase-3/Caspase-3 and BAX/BCL-
2 ratios and enhancing autophagic flux. Again, DA-CH5 was 
superior to exendin-4 in these effects.

In conclusion, we have demonstrated some neuroprotective 
mechanisms for both exendin-4 and DA-CH5 against 6-OHDA-
induced neurotoxicity in vivo and in vitro. The beneficial 
effects of these two incretin peptides appear to be associated 
with the inhibition of astrocyte activation and α-syn oligomer 
formation, the attenuation of desensitized insulin signaling, 
and the restoration of the imbalance between autophagy 
and apoptosis. Additionally, our findings suggest that DA-CH5 
has advantages in controlling inflammatory cytokine levels, 
reducing α-syn aggregation, and regulating autophagy and 
apoptosis homeostasis in the brain. The results of this study 
suggest that DA-CH5 might be more effective than exendin-4 
in treating PD.
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Figure 9 ｜ Effects of exendin-4 and DA-
CH5 on striatal dopamine levels and TH 
expression in the SN of 6-OHDA-induced PD 
rats. 
(A) Levels of dopamine in the striatum 
homogenate as quantified by enzyme-linked 
immunosorbent assay. (B) Representative 
fluorescence images of TH (green, stained 
by fluorescein isothiocyanate) in the SN. 
Scale bar: 100 µm. (C) Quantification of TH-
positive cells in the SN. (D) Bands of TH 
expression in the SN. (E) Quantification of TH 
expression in the SN. Data are represented 
as the mean ± SD of six rats per group (A) or 
four rats per group (B–E). ‡P < 0.05, ‡‡P < 
0.01, ‡‡‡P < 0.001, vs. sham group; $P < 0.05, 
$$P < 0.01, $$$P < 0.001, vs. 6-OHDA group 
(one-way analysis of variance followed by 
Tukey’s multiple comparison test). 6-OHDA: 
6-Hydroxydopamine; exendin-4 and DA-CH5: 
glucagon-like peptide-1/glucose-dependent 
insulinotropic polypeptide dual receptor 
agonist; GAPDH: glyceraldehyde-3-phosphate 
dehydrogenase; PD: Parkinson’s disease; SN: 
substantia nigra; TH: tyrosine hydroxylase.

Figure 10 ｜ Effects of exendin-4 and DA-CH5 on α-syn 
expression in the SN of 6-OHDA-induced PD rats.
(A) Bands of α-syn expression in the SN. (B) Quantification of 
α-syn expression in the SN. Data are represented as the mean 
± SD of four rats per group, and analyzed by one-way analysis 
of variance followed by Tukey’s multiple comparison test. ‡‡‡P 
< 0.001, vs. sham group; $P < 0.05, $$P < 0.01, vs. 6-OHDA 
group. 6-OHDA: 6-Hydroxydopamine; α-syn: α-synuclein; 
exendin-4 and DA-CH5: glucagon-like peptide-1/glucose-
dependent insulinotropic polypeptide dual receptor agonist; 
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; PD: 
Parkinson’s disease; SN: substantia nigra.

Figure 11 ｜ Effects of exendin-4 and DA-
CH5 on 6-OHDA-induced alterations in 
astrocyte activation, striatal TNF-α levels, 
and pro-inflammatory cytokine levels in the 
rat striatum. 
(A) Representative fluorescence images 
of GFAP (green, stained by fluorescein 
isothiocyanate) in the striatum. Scale bar: 100 
µm. (B) Quantification of GFAP-positive cells 
in the striatum. (C) Levels of TNF-α in striatum 
homogenate as quantified by enzyme-linked 
immunosorbent assay. (D) Bands of IL-1β and 
TNF-α in the striatum. (E, F) Quantification 
of IL-1β (E) and TNF-α (F) expression in the 
striatum. Data are expressed as the mean ± 
SD of four rats per group (A–B and D–F) or 
six rats per group (C). ‡P < 0.05, ‡‡P < 0.01, 
‡‡‡P < 0.001, vs. sham group; $P < 0.05, 
$$P < 0.01, $$$P < 0.001, vs. 6-OHDA group; 
&P < 0.05, vs. 6-OHDA + exendin-4 group 
(one-way analysis of variance followed by 
Tukey’s multiple comparison test). 6-OHDA: 
6-Hydroxydopamine; exendin-4 and DA-CH5: 
glucagon-like peptide-1/glucose-dependent 
insulinotropic polypeptide dual receptor 
agonist; GAPDH: glyceraldehyde-3-phosphate 
dehydrogenase; GFAP: glial fibrillary acidic 
protein; IL-1β: interleukin-1β; PD: Parkinson’s 
disease; SN: substantia nigra; TNF-α: tumor 
necrosis factor-α.
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Figure 12 ｜ Effects of exendin-4 and DA-CH5 on 6-OHDA-induced desensitization of the insulin signaling pathway in the rat SN. 
(A) Bands of proteins in the insulin signaling pathway in SN lysates, as detected by western blot assay. GAPDH was used as the loading control. (B–D) 
Quantification of p-IRS-1 (B), PGC-1α (C), and NRF-1 (D) expression in the SN. Data are represented as the mean ± SD of four rats per group. ‡‡‡P < 0.001, 
vs. sham group; $P < 0.05, $$P < 0.01, $$$P < 0.001, vs. 6-OHDA group (one-way analysis of variance followed by Tukey’s multiple comparison test). 
6-OHDA: 6-Hydroxydopamine; exendin-4 and DA-CH5: glucagon-like peptide-1/glucose-dependent insulinotropic polypeptide dual receptor agonist; GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase; IRS-1: insulin receptor substrate-1; NRF-1: nuclear respiratory factor 1; PD: Parkinson’s disease; PGC-1α: 
proliferator-activated receptor-gamma coactivator 1α; SN: substantia nigra.

Figure 13 ｜ Effects of exendin-4 and DA-CH5 on 6-OHDA-induced apoptosis signaling-related protein expression in the rat SN. 
(A) Bands of apoptosis signaling-related proteins in SN lysates as detected by western blot assay. β-Actin was used as the loading control. (B–D) Quantification 
of activated caspase-3 (a-caspase-3), BCL-2, and BAX expression in SN lysates. Data are represented as the mean ± SD of four rats per group. ‡P < 0.05, ‡‡‡P < 
0.001, vs. sham group; $$P < 0.01, $$$P < 0.001, vs. 6-OHDA group; &P < 0.05, vs. 6-OHDA + exendin-4 group (one-way analysis of variance followed by Tukey’s 
multiple comparison test). 6-OHDA: 6-Hydroxydopamine; ACTIN: β-actin; exendin-4 and DA-CH5: glucagon-like peptide-1/glucose-dependent insulinotropic 
polypeptide dual receptor agonist; PD: Parkinson’s disease; SN: substantia nigra.

Figure 14 ｜ Effects of exendin-4 and DA-CH5 on 6-OHDA-induced reductions in autophagy-related protein expression in the rat SN. 
(A) Bands of autophagy-related protein expression in SN lysates as detected by western blot assay. GAPDH was used as the loading control. SQSTM1 (B) and 
Beclin-1 (C) expression in SN lysates. Data are shown as the mean ± SD of four rats per group, and were analyzed by one-way analysis of variance followed 
by Tukey’s multiple comparison test. ‡P < 0.05, ‡‡P < 0.01, ‡‡‡P < 0.001, vs. sham group; $P < 0.05, $$P < 0.01, vs. 6-OHDA group; &&P<0.01, vs. 6-OHDA + 
exendin-4 group (one-way analysis of variance followed by Tukey’s multiple comparison test). 6-OHDA: 6-Hydroxydopamine; exendin-4 and DA-CH5: glucagon-
like peptide-1/glucose-dependent insulinotropic polypeptide dual receptor agonist; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; PD: Parkinson’s 
disease; SN: substantia nigra; SQSTM1: sequestosome 1.
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