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Abstract: Background: This study is to investigate the differential protein expression patterns in hippocampus and 
striatum in rat models of Parkinson’s disease (PD) and hyperglycemia (DM)-PD, and to elucidate the effects of 
hyperglycemia on PD pathogenesis. Methods: Rat models of hyperglycemia were induced by the high-fat and high-
sugar diet combined with single intraperitoneal injection of streptozotocin. Then unilateral lesion with 6-OHDA was 
used to establish the DM-PD rat model. Differential proteins in the hippocampus and striatum of PD and DM-PD rats 
were analyzed by quantitative proteomics, with the iTRAQ technique combined with two-dimensional liquid chroma-
tography-tandem mass spectrometry (2D LC-MS/MS). Protein expression was detected with Western blot analysis. 
Results: Totally 4988 proteins were identified. There were 463 differentially expressed proteins between the PD 
and DM-PD groups, including 281 up-regulated and 182 down-regulated proteins. Gene ontology (GO) functional 
analysis suggested that these differential proteins were mainly involved in the regulation of structural proteins, 
energy metabolism, and acute phase responses. Moreover, there were 32 different metabolic pathways screened 
in the DM-PD group. Proteins interaction network indicated that proteins of alpha B-crystallin, beta-crystallin A3, 
haptoglobin, FGG, and complexin-1 worked as the intersections. Similar results were obtained for the Western 
blot analysis. Conclusion: With the combination of iTRAQ and 2D LC-MS/MS, the main differential proteins in the  
hippocampus and striatum of DM-PD rats could be effectively screened, which might provide evidence for the pre-
vention and treatment of diabetic PD in clinic.

Keywords: Parkinson’s disease (PD), hyperglycemia, proteomics analysis, iTRAQ technology, 2D LC-MS/MS

Introduction

Effects of hyperglycemia on the nervous sys-
tem are systematic, which could involve the 
central, peripheral, and autonomic nervous 
systems. Epidemiological surveys have shown 
that the blood sugar can aggravate the axial 
signs, rigidity, and tremor [1]. Compared with 
normal elderly people, the rates of muscle rigid-
ity and gait abnormality are significantly higher 
in the elderly people suffering from hyperglyce-
mia [2, 3]. Moreover, the cognitive function is 
also dramatically declined for diabetic patients 
compared with normal subjects [4-6]. Studies 
have shown that, for the early hyperglycemia 
(with no other complications), the risk of Par- 
kinson’s disease is 7 times higher [7] than the 

normal subjects. There is growing evidence that 
patients with Type 2 diabetes have an increas- 
ed risk of developing Parkinson’s disease and 
share similar dysregulated pathways, suggest-
ing common underlying pathological mecha-
nisms [8]. Mitochondrial dysfunction, abnormal 
protein aggregation, increased neuroinflamma-
tion, and impaired brain glucose metabolism 
are shared processes for insulin resistance, 
diabetes, and neurodegeneration, which have 
also been suggested as key players in the 
development of Parkinson’s disease [9]. Insulin 
used to be solely considered as a peripherally 
acting hormone responsible for glucose homeo-
stasis and energy metabolism. However accu-
mulating evidence indicates insulin could cross 
the blood-brain-barrier and influence multiple 
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processes in brain, including the regulation of 
neuronal survival and growth, dopaminergic 
transmission, maintenance of synapses, and 
pathways involved in cognition. Growing evi-
dence has shown that a process analogous to 
peripheral insulin resistance occurs in the 
brains of Parkinson’s disease patients [10]. In 
recent years, a number of animal experiments, 
epidemiological studies, and clinical trials have 
shown the relationship between the hypergly-
cemia and the pathogenesis of Parkinson’s dis-
ease (PD), which represents an important risk 
factor for the disease incidence [7, 11-14]. 
However, the mechanism underlying the effects 
of hyperglycemia on PD pathogenesis is still not 
clear.

Quantitative proteomics can accurately quanti-
fy and characterize all the proteins expressed 
by a genome. At present, the combination of 
iTRAQ labeling and 2D-LC-MS/MS is a hotspot 
field in quantitative proteomics. The iTRAQ 
labeling is characterized by the high sensitivity, 
fast response, complete labeling, and high 
repeatability [15, 16]. Over the past years, pro-
teomics studies of PD have partially revealed 
the disease pathogenesis and suggested some 
key proteins that have not yet been identified.

To date, there are only few proteomics studies 
concerning the brain tissue of PD rats with 
hyperglycemia. To elucidate the mechanism of 
hyperglycemia on PD pathogenesis, the rat 
model of hyperglycemia-PD (DM-PD) was first 
established in this study. Then the main differ-
ent proteins in the hippocampus and striatum 
between the PD and DM-PD rats were investi-
gated by proteomic analysis, with the combina-
tion of iTRAQ and two-dimensional liquid chro-
matography-tandem mass spectrometry (2D 
LC-MS/MS) technologies.

Materials and methods

Rats

Totally 43 health SD rats (clean grade), weigh-
ing 200±10 g, were purchased from the Animal 
Center of the Xinjiang Medical University. These 
animals were kept at the temperature of 
18-22°C, with the humidity of 50-60% and the 
day/night cycle of 12 h/12 h, as well as the free 
access to food and water. All animal experi-
ments were conducted according to the ethical 
guidelines of the Second Affiliated Hospital of 
Xinjiang Medical University.

Model establishment

SD rats were fed standard diet for one week, 
and then randomly divided into the following 
groups: (1) the normal control (n = 3), sham-
operated (n = 5), hyperglycemia (DM) (n = 10), 
PD (n = 10), and DM-PD (DM-PD) (n = 15) 
groups. 

For the establishment of hyperglycemia rat 
model, diabetic rats were induced by high-fat 
and high-sugar diet combined with single intra-
peritoneal injection of streptozotocin. The basic 
diet consisted of 53% carbohydrate, 5% fat, 
and 23% protein. On the other hand, the high-
fat and high-sugar diet was composed of 60% 
basic diet, added by 20% sucrose, 10% lard, 
8% custard powder, and 2% cholesterol. 

Totally 25 rats from the DM and DM-PD groups 
were fed on the high-fat and high-sugar diet for 
4 weeks. Then these rats were subjected to the 
single intraperitoneal injection with 50 mg/kg 
streptozotocin. After 3 days, blood sample was 
obtained from the caudal vein, and the blood 
glucose was measured by the blood glucose 
meter. The hyperglycemia was confirmed when 
the random blood glucose was ≥ 16.7 mmol/L. 
After another 2 weeks, the blood sugar was 
tested again, and the high blood sugar levels 
proved the stable model establishment, which 
was suitable for the following experiments. 

For the diabetic rats in the DM-PD group and 
the rats in the PD group, PD was induced by the 
by 6-OHDA unilateral lesion method. Briefly, the 
rats were anesthetized by the intraperitoneal 
injection of 30 mg/kg chloral hydrate, and then 
fixed on a stereotaxic apparatus. Right sub-
stania nigta pars compacta (SNc) and ventral 
tegmental (VTA) were located using the follow-
ing coordinates: for SNc, 5.0±0.1 mm behind 
the bregma, 1.5±0.1 mm from sagittal suture 
on right, and 7.8±0.1 mm beneath dura mater; 
and for VTA, 4.6±0.1 mm behind the bregma, 
0.9±0.1 mm from midline on right, and 7.3±0.1 
mm beneath dura mater. After drilling the skull, 
8 μg 6-OHDA (dissolved in 4 μL saline contain-
ing 0.2% ascorbic acid) was aspirated into a 
10-μL micro-syringe, and carefully injected into 
the SNc and VTA, respectively. Four weeks later, 
the rats were intraperitoneally injected with 0.5 
mg/kg apomorphine, and thereafter the rotat-
ing number within 10-40 min was recorded. 
Successful PD models were obtained when the 
constant rotating to the left was observed, with 
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the rotating frequency of >7 r/min (or 210 r/30 
min). For the sham-operated group, the same 
procedures were performed, and only 4 μL 
saline containing 0.2% ascorbic acid was in- 
jected, without 6-OHDA. Rats in the normal 
control group received no drug treatments. 

Tissue sample preparation

The rat models were anesthetized by intraperi-
toneal injection of 45 mg/kg chloral hydrate. 
After craniotomy, the brain was removed, and 
the bilateral hippocampi and striatum were iso-
lated. The tissue samples were weighed and 
recorded, and stored at -80°C. 

Protein preparation

Tissue samples were ground in liquid nitrogen, 
and extracted with the lysis buffer (7 M Urea, 2 
M Thiourea, 4% CHAPS, and 40 mM Tris-HCl, 
pH 8.5) containing 1 mM PMSF and 2 mM 
EDTA. After 5 min, 10 mM DTT was added, and 
the suspension was sonicated at 200 W for 15 
min, followed by centrifugation at 30000× g, at 
4°C, for 15 min. The supernatant was mixed 
with 5× chilled acetone containing 10% (v/v) 
TCA, and the incubated at -20°C overnight. 
Then the mixture was subjected to the centrifu-
gation at 30000× g at 4°C, and the superna-
tant was discarded. After washing with chilled 
acetone for three times, the precipitate was air-
dried and dissolved in the lysis buffer (7 M 
Urea, 2 M Thiourea, 4% NP40, and 20 mM Tris-
HCl, pH 8.0-8.5). The suspension was then 
sonicated at 200 W for 15 min, and centrifuged 
at 30000× g, at 4°C, for 15 min. The superna-
tant was the transferred to another tube, and 
10 mM DTT was added, following by incubation 
at 56°C for 1 h. Subsequently, 55 mM IAM was 
use to incubate the supernatant in dark for 1 h. 
Then sample was mixed with 5× chilled acetone 
at -20°C for 2 h to precipitate proteins. After 
centrifugation at 30000× g at 4°C, the super-
natant was discarded. The pellet was air-dried 
for 5 min, and then dissolved in 500 μL 0.5 M 
TEAB (Applied Biosystems, Milan, Italy). After 
sonication at 200 W for 15 min, the samples 
were centrifuged at 30000× g at 4°C for 15 
min. The protein samples were kept at -80°C 
until further analysis.

iTRAQ Labeling and SCX fractionation

Totally 100 μg protein was digested with Trypsin 
Gold (Promega, Madison, WI, USA), with the 

protein to trypsin rate of 30:1, at 37°C for 16 h. 
After dried by vacuum centrifugation, the pep-
tides were reconstituted in 0.5 M TEAB and  
the processed with the 8-plex iTRAQ reagent 
(Applied Biosystems), according to the manu-
facturer’s instructions. Briefly, 1 unit iTRAQ 
reagent was thawed and reconstituted in 24 μL 
isopropanol. Samples were labeled with the 
iTRAQ tags. The peptides were labeled with the 
isobaric tags, and incubated at room tempera-
ture for 2 h, which were then pooled and dried 
by vacuum centrifugation. 

SCX chromatography was performed with a 
LC-20AB HPLC Pump system (Shimadzu, Kyoto, 
Japan). The iTRAQ-labeled peptides were recon-
stituted with 4 mL buffer A (25 mM NaH2PO4 in 
25% ACN, pH 2.7) and loaded onto a 4.6×250 
mm Ultremex SCX column containing 5-μm par-
ticles (Phenomenex). The peptides were eluted 
with a gradient of buffer A for 10 min, 5-60% 
buffer B (25 mM NaH2PO4 and 1 M KCl in 25% 
ACN, pH 2.7) for 27 min, 60-100% buffer B for 
1 min, at the flow rate of 1 mL/min. The system 
was maintained in 100% buffer B for 1 min, and 
then equilibrated for 10 min, prior to the next 
injection. Elution was monitored by measuring 
the absorbance at 214 nm, and fractions were 
collected every 1 min. Eluted peptides were 
pooled into 20 fractions, and desalted with a 
Strata X C18 column (Phenomenex) and dried 
in vacuum.

LC-ESI-MS/MS analysis

Each fraction was re-suspended in buffer A (5% 
CAN and 0.1% FA), and centrifuged at 20000× 
g for 10 min, to obtain the final peptide concen-
tration of about 0.5 μg/μL. Totally 10 μL super-
natant was loaded on a LC-20AD nanoHPLC 
(Shimadzu, Kyoto, Japan) onto a 2-cm C18 trap 
column. Then the peptides were eluted onto a 
10-cm analytical C18 column (with the inner 
diameter of 75 μm). Samples were loaded at 8 
μL/min for 4 min, and then gradient was run at 
300 nL/min for 35 min, starting from 2%-35% 
B (95% ACN and 0.1% FA), followed by linear 
gradient to 60% within 5 min, linear gradient to 
80% within 2 min, maintenance at 80% B for 4 
min, and finally returning to 5% within 1 min. 

Data acquisition was performed with a TripleTOF 
5600 System (AB SCIEX, Concord, ON) fitted 
with a Nanospray III source (AB SCIEX, Concord, 
ON) and a pulled quartz tip as the emitter (New 
Objectives, Woburn, MA). Data was acquired 
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with the ion spray voltage of 2.5 kV, curtain gas 
of 30 psi, nebulizer gas of 15 psi, and interface 
heater temperature of 150. MS was operated 
with a RP of ≥ 30000 FWHM for TOF MS scan. 
For IDA, survey scans were acquired in 250 ms, 
and as many as 30 product ion scans were  
collected if the threshold of 120 counts/s was 
exceeded, with a 2+-5+ charge-state. Total 
cycle time was fixed to 3.3 s. Q2 transmission 
window was 100 Da for 100%. Four time bins 
were summed for each scan at the pulse fre-
quency of 11 kHz, through monitoring of the 
40-GHz multichannel TDC detector with four-
anode channel detect ion. Sweeping collision 
energy of 35±5 eV coupled with iTRAQ adjust 
rolling collision energy was applied to all precur-
sor ions for collision-induced dissociation. Dy- 
namic exclusion was set for 1/2 of the peak 
width (15 s), and then the precursor was 
refreshed off the exclusion list.

Western blot analysis

Protein samples were obtained as described 
above. Totally 50 μg protein was loaded in each 
lane and subjected to SDS-PAGE, and then 
transferred onto the PVDF membrane. After 
blocking with 5% non-fat milk for 1 h, the mem-
brane was incubated with chicken anti-CPLX1 
(1:500 dilution; ab15855; Abcam, Cambridge, 
MA, USA), rabbit anti-Fibrinogen gamma chain 
(1:400 dilution; ab62527; Abcam), rabbit anti-
alpha B-crystallin (1:500 dilution; ab76467; 
Abcam), rabbit anti-beta-crystallin A3 (1:400 
dilution; ab151722; Abcam), rabbit anti-hapto-
globin (1:500 dilution; ab131236; Abcam), rab-

against database. For protein identification, 
0.05 Da (2ppm) mass tolerance was permitted 
for intact peptide masses and 0.05 Da for frag-
mented ions, allowing for one missed cleavage 
in the trypsin digests. Gln->pyro-Glu (N-term Q), 
Oxidation (M), and Deamidated (NQ) represent-
ed the potential variable modifications, while 
the Carbamidomethyl (C), iTRAQ8plex (N-term), 
and iTRAQ8plex (K) were the fixed modifica-
tions. The peptide charge states were set to +2 
and +3. In particular, automatic search against 
decoy database was performed in the Mascot, 
choosing the decoy checkbox in which random 
sequence is generated and tested for raw spec-
tra and the real database. To reduce the prob-
ability of false identification, only peptides with 
95% confidence interval in the Mascot probabil-
ity analysis (greater than “identity”) were con-
sidered as identified. Confident protein identifi-
cation involved at least one unique peptide. For 
protein quantification, the protein should con-
tain at least two unique spectra. Quantitative 
protein ratios were weighted and normalized by 
the median ratio in Mascot. Only ratios with P < 
0.05 were used herein, and only fold changes 
of >1.2 were considered as statistically 
significant.

Results

Model establishment and behavioral observa-
tion

During the model establishment, one rat in the 
sham-operated group and three rats in the 
hyperglycemia group failed to survive. There 

Figure 1. Protein abundance ratio distribution of PD and DM-PD 
groups. Totally 463 proteins were quantified (I ratio >1.2 or ≤0.6) in 
the PD and DM-PD groups (281 up-regulated and 182 down-regulated 
proteins in the DM-PD group). 

bit anti-ACTB (1:500 dilution; ab- 
8226; Abcam) primary antibodies, 
respectively, at 4°C overnight. After 
washing, the membrane was incu- 
bated with the secondary antibody  
(1:10000 dilution) at 37°C for 1 h. 
Color development was performed 
with the ChemiScope mini chemilu-
minescence method, in which the 
solutions A and B were mixed and 
used to incubate the membrane.

Statistical analysis

Raw data acquired from the Orbitrap 
were converted into MGF files using 
the Proteome Discoverer 1.2 (5600 
msconverter; Thermo). Protein iden-
tification was performed using the 
Mascot search engine (version 
2.3.02; Matrix Science, London, UK) 
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were finally 7 rat models (70%) in the in the DM 
group, 6 rat models (60%) in the PD group, and 
8 rat models (53.3%) in the DM-PD group. For 
the PD group, on day 2 after 6-OHDA injection, 
some rats exhibited body imbalance, accompa-
nied with piloerection, skewed head and body, 
slow and reduced movement, lifted forelimbs, 
and washing and foraging actions. Moreover, 
the forelimb on the impaired side was addict- 
ed, while the forelimb on the contralateral side  
was outstretched. Furthermore, these rats dis-
played back arch, tail stiffness, slow move-
ment, and irritability. On day 5 to 7 after injec-
tion, several animals showed skewed head and 
body to the injection side. These results sug-
gest that the models are stable and suitable for 
the following investigation. 

Protein screening and expression analysis

Based on the analysis of iTRAQ labeling and 2D 
LC-MS/MS, totally 4988 proteins were identi-
fied in these 5 groups. For the relative quantifi-
cation, the proteins were screened with the 
two-sample t-test and the difference multiple 
comparison method. The protein abundance 

ratio was close to 1 when the amount of the 
same protein in two samples did not change 
significantly. When the abundance ratio (i.e., 
the difference multiple) reached 1.2, with P < 
0.05, differential proteins were confirmed and 
identified. The distribution of protein abun-
dance ratios was shown in Figure 1. As shown 
in Table 1, there were totally 463 quantified 
proteins (I ratio >1.2 or ≤0.6) in the PD and 
DM-PD groups, in which there were 281 up-
regulated and 182 down-regulated proteins in 
the DM-PD group. For the more stringent quan-
titative criteria (I ratio >1.5 or ≤0.5), totally 27 
proteins were recognized, which there were 18 
up-regulated and 9 down-regulated proteins in 
the DM-PD group. These results suggest that 
hyperglycemia can induce protein changes in 
hippocampus and striatum of rats, leading to 
abnormal aggregation of proteins or decreased 
synthesis of related proteins.

GO and COG annotation analyses

The GO database provided the information 
describing the gene molecular functions, cellu-
lar components, and biological processes. In 

Table 1. Differentially expressed proteins between PD and DM-PD rats
Accession No. Description Cov PD vs.DM-PD
tr|M0R9G2|M0R9G2_RAT Protein LOC100911545 4.1 7.652

tr|Q5PQU1|Q5PQU1_RAT Kininogen 1 15.8 6.553

tr|E0A3N4|E0A3N4_RAT Serpina3n-like protein 17 5.714

sp|P10066|CRGB_RAT Gamma-crystallin B 34.9 4.825

sp|P56374|CRBA4_RAT Beta-crystallin A4 27.6 4.085

tr|P70621|P70621_RAT Calcium/calmodulin-dependent protein kinase II gamma E-subunit (Fragment) = 1 37.3 4.006

sp|P06866|HPT_RAT Haptoglobin 25.9 3.932

sp|P02523|CRBB1_RAT Beta-crystallin B1 24 3.882

sp|P14881|CRBA1_RAT Beta-crystallin A3 12.1 3.013

tr|M0R5T4|M0R5T4_RAT Protein Rac3 (Fragment) 17.8 2.99

tr|Q6AY99|Q6AY99_RAT Aldo-keto reductase family 1, member B10 (Aldose reductase) 25.6 2.852

tr|A0JN13|A0JN13_RAT Crystallin, alpha A 22.5 2.812

tr|M0RAK2|M0RAK2_RAT Protein LOC684270 8.4 2.576

sp|P61206|ARF3_RAT ADP-ribosylation factor 3 58.6 2.481

tr|E9PT53|E9PT53_RAT Protein Wfs1 13.4 2.376

sp|P23928|CRYAB_RAT Alpha-crystallin B chain 18.3 2.313

sp|P51907|EAA3_RAT Excitatory amino acid transporter 3 3.4 2.085

sp|P02680|FIBG_RAT Fibrinogen gamma chain 12.4 2.043

sp|Q9QZ76|MYG_RAT Myoglobin 21.4 0.221

sp|P31421|GRM2_RAT Metabotropic glutamate receptor 2 6.9 0.282

tr|F1LM05|F1LM05_RAT Protein LOC299282 19.5 0.301

sp|P04177|TY3H_RAT Tyrosine 3-monooxygenase 22.5 0.326

sp|P14046|A1I3_RAT Alpha-1-inhibitor 3 17.9 0.34

sp|P00564|KCRM_RAT Creatine kinase M-type 23.9 0.402

tr|Q8CHN7|Q8CHN7_RAT Neuron-specific protein PEP-19 28.7 0.439

tr|F1LX13|F1LX13_RAT cAMP and cAMP-inhibited cGMP 3,5-cyclic phosphodiesterase 10A (Fragment) 6.7 0.462

sp|P63041|CPLX1_RAT Complexin-1 33.6 0.487
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Figure 2. GO classification for protein screening. For the molecular function analysis, mainly the binding (48.8%) 
and catalytic activity (28.5%) proteins were implied. For the cellular component analysis, the cell part (18.89%) and 
organelle (14.9%) proteins were included. For the biological process analysis, the cellular process (12.30%), single-
organism process (10.22%), and metabolic process (9.56%) were involved. 

this study, GO annotation was used to explore 
the combination of single and multiple func-
tions associated with differential gene expres-
sions. Our results showed that the all the func-
tion characteristics were involved in the GO 
classification. As shown in Figure 2, for the 

molecular function analysis, mainly the binding 
(48.8%) and catalytic activity (28.5%) proteins 
were implied. Moreover, for the cellular compo-
nent analysis, the cell part (18.89%) and organ-
elle (14.9%) proteins were included. Further- 
more, for the biological process analysis, the 
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cellular process (12.30%), single-organism pro-
cess (10.22%), and metabolic process (9.56%) 
were involved. 

On the other hand, the orthologous classifica-
tion of proteins was performed based on the 
Cluster of Orthologous Groups (COG) database. 
The identified proteins were compared with the 
COG database, and the possible functions of 
these proteins were predicted, followed by  
the functional classification (Figure 3). Taken 
together, these results suggest that the biologi-
cal functions of the detected differential pro-
teins include molecular chaperones, signal 
transduction, protein replication, gene tran-
scription and translation, energy metabolism, 
amino acid metabolism, as well as lipid and car-
bohydrate transportation and metabolism.

GO enrichment analysis

All the identified differential proteins were 
mapped to each term in the Gene Ontology 
database (http://geneontology.org/), and the 
proteins for each term were counted. Based on 

the hypergeometric test, the GO terms signifi-
cantly enriched in differential proteins com-
pared with the protein background. GO terms 
with P≤0.05 were defined as significant enrich-
ment of differential proteins. GO significance 
analysis would contribute to determine the 
main biological functions of differential pro-
teins. For the molecular function, there were 65 
major GO terms, including transporter activity 
(13.6%), enzyme binding (15.5%), and receptor 
binding (11.5%). Moreover, for the cellular com-
ponent, there were 92 major GO terms, includ-
ing organelle (78.7%), cytoplasm (82.1%), intra-
cellular organelle (78.7%), membrane (56.6%), 
and intracellular organelle part (57.3%). Fur- 
thermore, for the involved biological processes, 
major differential GO terms included single-
organism cellular process (72.8%), multicellular 
organismal process (44.1%), single-multicellu-
lar organism process (43.6%), cellular compo-
nent organization or biogenesis (39.8%), cellu-
lar component organization (39%), signaling 
(34.75), and single organism signaling (34.7%). 
These results suggest that these differential 

Figure 3. COG annotation for protein screening. Orthologous classification of proteins was performed based on the 
Cluster of Orthologous Groups (COG) database. The identified proteins were compared with the COG database, and 
the possible functions of these proteins were predicted, followed by the functional classification. 
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proteins are mainly involved in the regulation of 
structural proteins, energy metabolism, acute 
phase responses, and signaling transduction.

Metabolic pathway annotation analysis

Pathway enrichment analysis was based on the 
KEGG Pathway, using the hypergeometric test, 
in which all the identified proteins were com-
pared with the protein background, and the 
pathways enriched in differential proteins were 

at these candidate proteins might play impor-
tant roles in the disease pathogenesis and 
development. Then Western blot analysis was 
performed to confirm these findings (Figure 4). 
Our results showed that, compared with the 
normal control group, the expression levels of 
alpha B-crystallin, beta-crystallin A3, FGG, and 
haptoglobin were significantly up-regulated in 
the hyperglycemia, DM-PD, and PD groups. 
Similar results were obtained for the iTRAQ pro-
teomics analysis, which suggested the up-regu-

Figure 4. Western blot analysis. (A-D) Compared with the normal control group, 
the expression levels of alpha B-crystallin (A), beta-crystallin A3 (B), FGG (C), 
and haptoglobin (D) were significantly up-regulated in the hyperglycemia, DM-
PD, and PD groups. (E) Compared with the normal control group, the complex-
in-1 (CPLX1) expression levels in the hyperglycemia, DM-PD, and PD groups 
were significantly down-regulated.

confirmed. The pathway si- 
gnificant enrichment analy-
sis could determine the 
major biochemical meta-
bolic pathways and signals 
involving the differential 
proteins. Our results show- 
ed that, there totally 201 
related pathways in the 
comparison between the 
PD and DM-PD groups. Mo- 
reover, 32 pathways were 
enriched in differential pro-
teins (P < 0.05), including 
the dopaminergic synapse, 
glutamatergic synapse, Par- 
kinson’s disease, MAPK si- 
gnaling pathway, calcium 
signaling pathway, seroto-
nergic synapse, and Fc 
gamma R-mediated phago-
cytosis. These findings sug-
gest that hyperglycemia mi- 
ght lead to excitatory amino 
acid transportation, which 
is closely related to patho-
genesis of Parkinson’s dis-
ease (excitotoxicity), as well 
as differential expression 
levels of free radical scav-
enging and oxidative stre- 
ss-related proteins.

Western blot analysis

Based on the protein-pro-
tein interaction network 
and STRING searching, the 
alpha B-crystallin, beta-
crystallin A3, haptoglobin, 
FGG, and complexin-1 had 
been found to be located  
at the interaction network 
intersections, indicating th- 
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lated expression levels of these proteins in the 
experimental groups. On the other hand, com-
pared with the normal control group, the com-
plexin-1 (CPLX1) expression levels in the hyper-
glycemia, DM-PD, and PD groups were signifi-
cantly down-regulated. Similar results were 
obtained for the iTRAQ proteomics analysis. 
These results suggest that the proteomics 
analysis can provide satisfactory reliability and 
accuracy.

Discussion

Hyperglycemia is a metabolic disease is in-
duced by abnormal production and action of 
insulin, which is characterized by hyperglyce-
mia. The impact of hyperglycemia on the ner-
vous system is systematic, and the central ner-
vous system would be also involved. Studies 
have shown that, for the early hyperglycemia 
(with no other complications), the risk of Par- 
kinson’s disease is 7 times higher [7], and the 
risk of Alzheimer’s disease is 2 times higher 
[17], than the normal control subjects. The 
mechanisms of hyperglycemia leading to in- 
creased incidence of Parkinson’s disease are 
still not fully elucidated. Studies have shown 
that it may be mainly related to the metabolic 
disorders in hyperglycemia caused by oxidative 
stress, protein function alterations, or abnor-
mal protein aggregation.

Quantitative proteomics can accurately quanti-
fy and characterize all the proteins expressed 
by a genome. At present, the combination of 
iTRAQ labeling and 2D-LC-MS/MS is a hotspot 
field in quantitative proteomics. The iTRAQ 
labeling is characterized by the high sensitivi- 
ty, fast response, complete labeling, and high 
repeatability [15, 16]. In order to investigate 
the mechanism underlying the pathogenesis  
of hyperglycemia-induced increased risk of 
Parkinson’s disease, in this study, the rat model 
of DM-PD was established, and totally 4988 
proteins in the hippocampal and striatal tis-
sues were identified by the iTRAQ labeling com-
bined with 2D-LS-MS/MS proteomics technol-
ogy. Compared with the PD group, there were 
463 differential proteins in the DM-PD group, 
including 181 down-regulated and 282 up-reg-
ulated proteins. The up-regulated proteins were 
mainly the cell structure protein, energy metab-
olism, and acute phase reaction proteins, which 
met the energy demand after the stimulation. 
On the other hand, the down-regulated proteins 

were mainly proteins involved in the cell energy 
metabolism, especially associated with the 
synaptic proteins. GO molecular functional 
analysis showed that the differential proteins 
were mainly structural proteins or involved in 
the cell differentiation process, or participating 
in the interaction of enzymes. These findings 
provide evidence for the investigation of mech-
anism of hyperglycemia-induced higher risk of 
PD. The STRING searching showed that pro-
teins such as alpha B-crystallin, Beta Crystallin 
A3, haptoglobin, FGG, and complexin-1 were at 
the intersections of the interaction network of 
differentially expressed proteins. These results 
suggest that these five candidate proteins may 
play important roles in the disease occurrence 
and development. Western blot analysis further 
showed the same expression trends of the can-
didate proteins in the DM-PD and PD groups, 
which were consistent with the results of mass 
spectrometry, suggesting the result reliability. 

Alpha B-crystallin is a water-soluble protein 
easily found in the lens epithelial cells, which 
belongs to the heat shock protein family. It has 
been found, alpha B-crystallin is highly expre- 
ssed in the heart, skeletal muscle, and kidney 
tissues, as well as in the neurological diseases. 
Under the condition of infection, ischemia, 
hypoxia and oxidative stress, the expression 
level of alpha B-crystallin would be changed to 
exert protective effects. When stress and path-
ological changes occur, they could prevent the 
programmed cell death and protein denatur-
ation [18-20]. Alpha B-crystallin is also a poten-
tial reverse regulatory factor, which can block 
the immune pathways in the immune and cen-
tral nervous systems [21]. Ousman et al. [22] 
have found that knockout of alpha B-crystallin 
could increase the immune system activity in 
mice, with up-regulated expression of cas-
pase-3 and increased glial cell apoptosis, sug-
gesting that alpha B-crystallin is closely linked 
with cellular apoptosis. Some neurological  
diseases, such as Alzheimer’s disease and 
Parkinson’s disease, are always related to the 
abnormal aggregation of alpha B-crystallin in 
the nervous system. Skrzydlewska et al. [23] 
have found that, under oxidative stress, the 
activities of antioxidant enzymes, such as 
superoxide dismutase (SOD) and glutathione 
peroxidase (GPx), would be declined in the 
body. Moreover, Masilamoni et al. [24] have 
shown that alpha B-crystallin can maintain the 
activities of SOD, glutathione (GSH), and the 
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related enzymes, in the antioxidant enzyme 
system, exerting protective effects. Lewy bod-
ies are the typical pathologic features of 
Parkinson’s disease. The major components of 
Lewy bodies represent the abnormally accumu-
lated α-synuclein, which is also the main cause 
for the neurodegenerative alterations in Par- 
kinson’s disease. It has been shown that, 
through binding α-synuclein, alpha B-crystallin 
would inhibit the elongation of amyloid fiber, 
prevent the abnormal fiber aggregation, and 
limit the occurrence of protein misfolding. In 
this study, the expression level of alpha 
B-crystallin was significantly elevated in the 
hyperglycemia group. Considering its relation-
ship with hyperglycemia-induced oxidative str- 
ess, hyperglycemia might aggravate the oxida-
tive stress in the brains of PD rats. 

In more than 51000 PD-related studies, totally 
4121 proteins have been involved [25]. The 
2-DE map analysis of the PD patients have sug-
gested 35 PD-related proteins, in which 9 pro-
teins have been considered as closely related 
to the disease pathogenesis, including the hap-
toglobin (HP), thyroxine, apolipoprotein A-1, 
serum amyloid P component, apolipoprotein E, 
factor H, fibrinogen γ, thrombin, and comple-
ment C3 [26]. Haptoglobin (HP), an acute phase 
serum protein, has high affinity for free hemo-
globin (Hb) [27, 28]. The Hp-hemoglobin com-
plex is cleared in the liver by monocytes and 
macrophages via the CD163 receptor-mediat-
ed endocytosis [29], which is involved in the 
clearance of free Hb and the damage neutral-
ization in oxidative stress. HP closely binds to 
hemoglobin, and HP-hemoglobin participates 
in the regulation of iron metabolism and serum 
iron content [30]. The binding globin consists of 
two distinct polypeptide chains, i.e, the α and β 
chains. There are three distinct subtypes (HP 
1-1, HP 2-1, and HP 2-2), which are distinctly 
different in structure and function [31]. In a 
study concerning PD, HP 2-1 has been shown to 
increase the risk of PD, mainly associated with 
iron metabolic abnormality [32]. It has also 
been confirmed that the HP 2-1 subtype is 
closely linked with the occurrence of sporadic 
PD cases [33]. In the past two decades, a num-
ber of studies have suggested that the genetic 
polymorphisms in HP are closely related to 
hyperglycemia-related complications [34, 35]. 
HP 1-1 genotype has been associated with the 
cognitive impairments in elderly diabetic cases 

[36], including endothelial injury, abnormal neo-
vascularization, and ineffective blood-brain-
barrier [37]. The HP 1-1 genotype may be in- 
volved in the endothelial repairing process, 
reducing the activities of epithelial progenitor 
cells [38].

Studies have shown that, in males older than 7 
years, the blood levels of high fibrinogen are 
associated with increased risk of PD [39]. 
Fibrinogen is composed of three pairs of non-
identical polypeptide chains, and the A, B and C 
chains are the components of the serum glyco-
protein [40]. The 2-DE map and Western blot 
analyses of PD patient serum have shown sig-
nificantly increased serum fibrinogen C chain. 
Proteomics analysis of lymphocytes in patients 
with Parkinson’s disease has found that the 
two different subtypes of γ-fibrinogen [FGG] are 
associated with the clinical manifestations and 
disease duration of PD [41]. FGG is not pro-
duced by lymphocytes, but FGG isoforms bind 
tightly to the lymphocyte-specific receptors and 
regulate the lymphocyte activity [42]. Therefore, 
the over-expression of FGG isoforms in serum 
may be closely related to the pathological 
changes of PD. In serum, FGG participates in 
the fibrin polymerization and cross-linking, initi-
ating of fibrinolysis. It also regulates the XIII 
activity, providing high-affinity binding sites for 
platelets and leukocytes, modulating the bind-
ing of prothrombin to fibrin [43]. FGG has been 
recognized as the marker for the evaluation of 
thrombosis and inflammatory responses [44], 
which may play a role in the neurodegenerative 
diseases [45, 46]. Several animal experiments 
and clinical studies have confirmed that FGG is 
involved in the pathogenesis of by cardiovascu-
lar and cerebrovascular diseases induced by 
smoking, hyperlipidemia, and hyperglycemia 
[47]. Hyperglycemia-induced hyperinsulinemia, 
insulin resistance, and inflammatory factor ele-
vation (such as FGG) may aggravate the cere-
brovascular diseases, thus affecting the brain 
and central nervous system damages [48]. 
Recent studies have shown that the advanced 
glycation end products (AGEs) bind to plasma 
membrane-specific receptors to change the 
intracellular signaling, gene expression, and 
release of pro-inflammatory molecules and free 
radicals. Glycosylated plasma proteins (such as 
FGG) can combine to form different types of 
AGEs, participating in the diabetic complica-
tions including neuropathy [49].
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The release of neurotransmitters between syn-
apses is accomplished by interactions of hun-
dreds of proteins. Complexin-1 is an important 
cytoplasmic protein that plays a coordinating 
role in the release of neurotransmitters [50]. 
Glutamate, an important excitatory neurotrans-
mitter, exerts important physiological functions 
in the central nervous system. However, exces-
sive glutamate produces excitatory neurotoxins 
[51, 52]. Under physiological conditions, glu-
tamic acid is released by the soluble N-eth- 
ylmaleimide-sensitive factor attachment pro-
tein receptor (SNARE) complex through the cal-
cium-dependent cytokine efflux. The SNARE 
complex is composed of the synaptic vesicle 
protein, synaptic membrane protein SNAP25, 
and synaptic fusion protein-1, which regulates 
multiple protein process via the vesicle fusion 
and release of neurotransmitters, in which 
complexin protein family plays an important 
regulatory role [53, 54]. Complexin binds to the 
SNARE complex, which regulates the release  
of neurotransmitters [55, 56]. Complexin I is 
mainly expressed in ends of synapses, which is 
related to the release of inhibitory neurotrans-
mitter aminobutyric acid. It has been reported 
that when the level of complexins expression 
changes, the synapse transmission and neu-
rotransmitter release would be changed, whi- 
ch is associated with the pathogenesis of 
Huntington’s disease, Parkinson’s disease, 
Alzheimer’s disease, and traumatic brain inju-
ries [57]. Complexins-mediated neurotransmit-
ter release process is regulated by the NADPH 
oxidase NOX2 [55, 58]. Our results showed 
that, the expression levels of complexins were 
significantly reduced in the hippocampus and 
striatum in diabetic rats. Hyperglycemia may 
affect the function of complexins by influencing 
oxidases (such as NADPH).

Conclusion

In conclusion, the assessment of proteins in 
the rat hippocampus and striatum and the 
analyses of pathway metabolism were per-
formed. Our results showed that the differential 
metabolic pathways between DM-PD and PD 
groups included the dopamine metabolism, 
glutamate metabolism, and calcium signal 
transduction pathways, which were closely 
related to the occurrence of PD. These findings 
suggest that hyperglycemia might lead to excit-
atory amino acid transporters closely related to 

pathogenesis of Parkinson’s disease (excitotox-
icity), differential expression levels of free radi-
cal scavenging and oxidative stress-related 
proteins, and changes of the cellular structural 
proteins in the hippocampus and striatum. 
These findings might contribute to the investi-
gation of the prevention and treatment of dia-
betic PD in clinic.
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