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Abstract
Background/Aims: Uncaria rhynchophylla, known as “Gou-teng”, is a traditional Chinese 
medicine (TCM) used to extinguish wind, clear heat, arrest convulsions, and pacify the liver. 
Although U. rhynchophylla has a long history of being often used to treat central nervous 
system (CNS) diseases, its efficacy and potential mechanism are still uncertain. This study 
investigated neuroprotective effect and the underlying mechanism of U. rhynchophylla extract 
(URE) in MPP+-induced SH-SY5Y cells and MPTP-induced mice. Methods: MPP+-induced SH-
SY5Y cells and MPTP-induced mice were used to established Parkinson’s disease (PD) models. 
Quantitative proteomics and bioinformatics were used to uncover proteomics changes of URE. 
Western blotting was used to validate main differentially expressed proteins and test HSP90 
client proteins (apoptosis-related, autophagy-related, MAPKs, PI3K, and AKT proteins). Flow 
cytometry and JC-1 staining assay were further used to confirm the effect of URE on MPP+-
induced apoptosis in SH-SY5Y cells. Gait analysis was used to detect the behavioral changes 
in MPTP-induced mice. The levels of dopamine (DA) and their metabolites were examined in 
striatum (STR) by HPLC-EC. The positive expression of tyrosine hydroxylase (TH) was detected 
by immunohischemical staining and Western blotting. Results: URE dose-dependently 
increased the cell viability in MPP+-induced SH-SY5Y cells. Quantitative proteomics and 
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bioinformatics results confirmed that HSP90 was an important differentially expressed protein 
of URE. URE inhibited the expression of HSP90, which further reversed MPP+-induced cell 
apoptosis and autophagy by increasing the expressions of Bcl-2, Cyclin D1, p-ERK, p-PI3K p85, 
PI3K p110α, p-AKT, and LC3-I and decreasing cleaved caspase 3, Bax, p-JNK, p-p38, and LC3-II. 
URE also markedly decreased the apoptotic ratio and elevated mitochondrial transmembrane 
potential (Dym). Furthermore, URE treatment ameliorated behavioral impairments, increased 
the contents of DA and its metabolites and elevated the positive expressions of TH in SN and 
STR as well as the TH protein. Conclusions: URE possessed the neuroprotective effect in vivo 
and in vitro, regulated MAPK and PI3K-AKT signal pathways, and inhibited the expression of 
HSP90. U. rhynchophylla has potentials as therapeutic agent in PD treatment.

Introduction

Parkinson’s disease (PD), the second most common neurodegenerative disorder [1], is 
caused by the progressive loss of dopaminergic neurons in the substantia nigra (SN) and 
affects more than 1% of the population over 65 years old [2-5]. However, the potential 
molecular mechanisms leading to neuronal degeneration in PD are still ambiguous. It is well 
known that some factors, such as apoptosis, mitochondrial dysfunction, neuroinflammation, 
oxidative stress, and endoplasmic reticulum stress, play critical roles in the cell death of 
nigrostriatal dopaminergic neurons in PD [6, 7]. Therefore, inhibition of the apoptosis and 
other factors have been given more attention in the therapeutic strategies for PD [8].

The genus Uncaria (Rubiaceae) comprises approximately 34 species mainly distributed 
in tropical regions, including Africa, Southeast Asia, and South America [9]. U. rhynchophylla, 
known as “Gou-teng” recorded in “Ming Yi Bie Lu”: a famous monograph of traditional Chinese 
medicine (TCM) [10], has been used to extinguish wind, clear heat, arrest convulsions, and 
pacify the liver in China and Japan for thousands of years [11, 12]. Recently, pharmacological 
investigations have indicated that U. rhynchophylla extract (URE) possesses neuroprotective 
effect against 6-hydroxydopamine (6-OHDA)-induced toxicity through antioxidative and anti-
apoptotic activities in PC12 cells and in 6-OHDA-lesioned rats [13]. However, its underlying 
mechanism and therapeutic target still remain unclear.

Quantitative proteomics techniques have recently been regarded as a reliable and precise 
method to reveal the discrepant protein expression and predict the disease-specific target 
and underlying mechanism of medicines [14]. In this study, the neuroprotective mechanism 
of URE was revealed by liquid chromatography-mass spectrometry based on stable isotope-
based dimethyl labeling to discover the proteomics changes in MPP+-induced SH-SY5Y cells 
after URE administration. Then, a comprehensive bioinformatics analysis was conducted 
to figure the biological pathways in response to URE activation. We found that some key 
proteins, especially heat shock protein 90 (HSP90) in cell signaling might be involved in the 
neuroprotective effect of URE. The neuroprotective effect was further investigated in MPTP-
induced Parkinson model mice to reveal the critical role of HSP90. Our study provided an 
experimental basis for clinical application of U. rhynchophylla in PD treatment.

Materials and Methods

Chemicals and reagents
MPP+, MPTP, phosphate buffered saline (PBS), protease inhibitor cocktail, dopamine (DA), dihydroxy-

phenyl acetic acid (DOPAC), homovanillic acid (HVA), and cell counting kit-8 (CCK-8) were purchased from 
Sigma-Aldrich (St. Louis, MO). JC-1 staining kit, BCA proteins determining kit, and caspase-3 activity kit 
were purchased from Beyotime (Nanjing, China). The primary antibodies for HSP90AA1, HSP90AB1, β-actin, 
Bax, Bcl-2, ERK, p-ERK (Thr202/Tyr204), AKT, p-AKT (Ser473), p38, p-p38 (Tyr182), JNK, p-JNK (Tyr185), 
p-PI3K p85 (Tyr458), PI3K p110α, LC3-I/II, α-Tubulin, LDHA, CCT4, YWHAE, AHCY, HSP70, HIST1H4A, 
H3F3A, TH, and all the secondary antibodies were obtained from Cell Signaling Technology (Beverly, MA, 
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USA). All other chemicals were purchased from Sigma Chemical Co. (St. Louis, MO). All remaining chemicals 
and reagents used in this experiment were analytic grade.

Plant material and extract preparation
Dried hooks of U. rhynchophylla were purchased in March 2017 from Beijing Tongrentang Co., Ltd., 

China, and identified by Prof. Jing-Ming Jia, Shenyang Pharmaceutical University. A voucher specimen 
(UR201703) has been deposited in the herbarium of the Department of Medicinal Chemistry, Dalian Medical 
University.

U. rhynchophylla powder (capable of passing a 4-mm sieve) was extracted with 95% EtOH at 90 ℃ for 
2 h. The extract was evaporated in vacuo at 45 ℃, then it was stored at 4 ℃.

Cell culture
Human neuroblastoma cells (SH-SY5Y) were purchased from American Type Culture Collection (ATCC, 

Manassas, VA, USA). The cells were maintained in 1640 medium (Gibco, NY, USA) with 10% fetal bovine 
serum (FBS). All the cell cultures were maintained at 37 °C in a humidified atmosphere containing 5% CO2.

CCK-8 assay
Briefly, SH-SY5Y cells were seeded in 96-well plates at a density of 6 × 103 cells/well. Cells were allowed 

to adhere overnight before using fresh medium containing various concentrations of URE dissolved in DMSO 
(final concentration, 0.1%). After the cells had been incubated with or without various concentrations of 
URE (5, 10, or 20 mg/mL) for 6 h followed by treatment with or without MPP+ (1 mM) for 24 h, we measured 
their growth rates. CCK-8 was added per well and incubated for 1 h at 37 ℃. The absorptions were recorded 
at 480 nm with a microplate reader. All experiments were performed in triplicate.

Annexin-V/Propidium iodide (PI) dual staining flow cytometric analysis.
Apoptosis was measured by a fluorescence-activated cell sorter (FACS) using an Annexin V-FITC 

Apoptosis Detection Kit (Nanjing Keygen Biotech. Co., Ltd.). Briefly, SH-SY5Y cells were plated in 6-well 
plates and then treated with the indicated doses of drugs. After treatment, the cells were collected and 
washed once with cold PBS before being stained simultaneously with FITC-labeled annexin V and PI, after 
which they were analysed using an FACS Accuri C6 (Genetimes Technology Inc.).

Mitochondrial membrane potential assay
A JC-1 probe was employed to measure mitochondrial depolarization in SH-SY5Y cells. Briefly, cells 

were cultured in six-well plates following treatment with URE (20 mg/mL) for 6 h and MPP+ (1 mM) for 24 
h. Cells were then incubated with equal volumes of JC-1 staining solution (5 μg/mL) for 20 min at 37 °C 
before being rinsed twice with PBS. Mitochondrial membrane potential was monitored by measuring the 
relative amounts of dual emissions from mitochondrial JC-1 monomers or aggregates under Argon-ion 488 
nm laser excitation using an Olympus fluorescence microscope. Mitochondrial depolarization was indicated 
by decreases in the red/green fluorescence intensity ratio.

Western blotting analysis
The cell lysate proteins were separated by electrophoresis on a 7.5-12% sodium dodecyl sulfate-

polyacrylamide minigel (SDS-PAGE) and then electrophoretically transferred to a PVDF membrane. The 
blots were probed with the appropriate specific antibodies, and the protein bands were detected by 
enhanced chemiluminescence. Similar experiments were performed at least three times. The total protein 
concentration was determined using a BCA Protein Assay Kit (Beyotime Biotechnology, China). The protein 
density values were determined by Image J (National Institutes of Health, Bethesda, MD). Percentages were 
expressed as percentages of the untreated groups (100%).

Stable isotope dimethyl labeling
The digestions of human neuroblastoma cell proteins were prepared as previously described in 

literature [15]. The same amount of MPP+ group sample and URE group sample were labeled by light 
labeling reagents (5 mM CH2O and 5 mM NaCNBH3) and heavy labeling reagents (5 mM CD2O and 5 mM 
NaCNBH3), respectively. And then, the light and heavy labeled samples were mixed together, desalted by a 
C18 solid-phase extraction column before lyophilized in a SpeedVac.
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LC-MS/MS analysis and database searching
The samples were analysed by the SCX-RP multidimensional separation system and LTQ Orbitrap XL 

(Thermo, San Jose, CA) with Surveyor HPLC system. The samples were subjected to a SCX capillary trap 
column eluted with salt concentrations of 100, 200, 300, 400, 500, and 1000 mM NH4Ac (pH 2.7). Each salt 
step lasted 10 min follow by 15 min equilibrium with 0.1% formic acid in water. Binary RP gradient elution 
from 5 to 35% (v/v) CH3CN in 130 min. The MS and MS/MS spectra were collected by collision-induced 
dissociation (CID) at 35% energy in a data dependent mode with 1 MS scan from ranging from 400 to 2000 
m/z with the mass resolution of 60000 at m/z 400 in the Orbitrap analyzer followed by 6 MS/MS scans in 
the ion trap. The dynamic exclusion repeat count was 1 with a duration time of 30 s, the exclusion list size 
was 500 with exclusion time of 90 s, and the charge state rejection function was enabled to reject the ions 
with single and “unassigned” charge states.

The obtained raw files were searched with MaxQuant (Version 1.3.0.5) by using Uniprot protein fasta 
database of mouse (Downloaded from Uniprot website on June 15, 2016). Cysteine carboxamidomethylation 
was set as a static modification, methionine oxidation and acetylation of protein N-term were set as variable 
modifications with up to two missing cleavages of trypsin allowed. Precursor ion mass tolerances were 20 
ppm, and fragment ion mass tolerance was 0.8 Da. The false discovery rate (FDR) for peptides and proteins 
were all set at < 1% and a minimum length of six amino acids was used for peptides identification. Doublets 
were selected as the quantification mode with the dimethyl Lys 0 and N-term 0 as light labels and dimethyl 
Lys 4 and N-term 4 as heavy labels. All other parameters were set at defaults in MaxQuant.

Bioinformatics analysis
Gene Ontology annotations including cellular component, biological process, and molecular function 

were performed with Blast2GO program (Version 2.7.0) [14, 16, 17]. A global protein-protein interaction 
network was generated using Cytoscape (Version 3.1) [18].

Animal treatments
C57BL/6 mice (23-25 g) were obtained from the Experimental Animal Center of Dalian Medical 

University (Dalian, China). All animal maintenance and treatment protocols were in accordance with local 
institutional guidelines for the care and use of laboratory animals. Mice were randomly divided into six 
groups (n = 8). Control group was given 0.5% CMC-Na for 19 days, and received the vehicle (H2O) alone from 
8th day to 12th day. MPTP group was treated with 0.5% CMC-Na for 19 days, and administered MPTP (30 
mg/kg, dissolved in H2O) from 8th day to 12th day. The URE groups were administered URE (20, 40, or 80 
mg/kg, dissolved in 0.5% CMC-Na) oral gavage of for 19 days, and administered with or without MPTP (30 
mg/kg, dissolved in H2O) from 8th day to 12th day.

Behavioral assessment-catwalk gait analysis
The Catwalk automated gait analysis system (Noldus, Wageningen, Netherlands) was used to assess 

the gait and motor coordination according to our previous method [19].

Immunohistochemistry of tyrosine hydroxylase
The brain was quickly removed after the behavioral test and fixed with 10% formalin at 4 ℃ for 24 h, 

then transferred to 30% sucrose solution for 24 h. Substantia nigra (SN) and striatum (STR) samples were 
cut into 10 μm thick sections (Leica, Germany) for the tyrosine hydroxylase (TH) immunohistochemistry 
assay according to our previous method [19]. TH-positive staining quantification was analysed using Image 
J software (National Institutes of Health, Bethesda, MD).

HPLC-EC determination of DA and its metabolites
HPLC analysis of DA, DOPAC, and HVA by electrochemical detection (HPLC-EC, Waters e2695 and 

2465) was performed based on the previous method [20]. Briefly, dissected striata were homogenated and 
centrifuged at 12, 000 g for 30 min at 4 °C. The supernatants were analysed for the contents of DA, DOPAC, 
and HVA by HPLC-EC. Their contents were calculated according to their calibration curves.

Statistical analysis
All the presented data were confirmed in at least three independent experiments and were expressed 

as the mean ± SD. Statistical comparisons were made using one-way analysis of variance (ANOVA) followed 
by SPSS software. P < 0.05 was considered statistically significant.
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Results

URE suppressed MPP+-induced SH-SY5Y cell injury
Effect of URE on MPP+-induced SH-SY5Y cell injury was studied by cell viability assay. 

MPP+ possesses neurotoxicity, and it can cause dopaminergic neuron loss to mimic PD. 
MPP+ (1.0 mM) decreased cell viability to 45.56 ± 3.15% (for all online suppl. material, see 
www.karger.com/doi/10.1159/000490837, Fig. S1 and Table S1), whereas pretreatment 
with URE (5, 10, and 20 mg/mL) significantly increased the cell viability (50.11 ± 4.93%, 
57.79 ± 3.63%, and 76.59 ± 2.45%) (see online suppl. material, Fig. S1 and Table S1). The 
morphological effect of URE on MPP+-induced SH-SY5Y cells was investigated by a bright-
field microscope and DAPI staining assay. As shown in Fig. 1A, MPP+ caused damage to the 
cells, which had become round with neurite retraction and membrane blebbing in the bright 
field, and had more fragmented nuclei in DAPI staining field (Fig. 1B). These alterations were 
ameliorated after URE pretreatment (Fig. 1A and 1B). These results suggested that URE 
could dose-dependently ameliorate the MPP+-induced SH-SY5Y cell injury.

Effect of URE on proteome profile of MPP+-induced SH-SY5Y cells
Quantitative proteomics techniques have recently been regarded as a reliable and 

precise method to reveal the discrepant proteins expression and predict the disease-
specific targets and underlying mechanism of natural products [14, 21]. To decipher the 
neuroprotective mechanism of URE, stable isotope dimethyl labeling based on quantitative 
proteomics strategy was employed in triplicate. As a result, 459 proteins were quantified 
when controlling the RSD of the ratios for the quantified proteins to less than 50%, of 
which, 22 proteins were quantified with at least a 2-fold change with statistical significance 
(p < 0.05) (see online suppl. material, Table S2). Among these 22 differential proteins, 18 
proteins were up-regulated (ratio > 2) and 4 proteins were down-regulated (ratio < 0.5) by 
the treatment of URE (see online suppl. material, Fig. S2).

Gene ontology analysis of differentially expressed proteins
To better characterize the 22 differentially expressed proteins, the Gene Ontology (GO) 

was performed with Blast2GO using standard parameters. The biological processes of the 
significantly differentially expressed proteins were most enriched in regulation of cellular, 
metabolic, single-organism, and biological process (see online suppl. material, Fig. S2). The 
categorical analysis of molecular function indicated that the majority of these proteins were 
classified into binding (45.65%), catalytic activity (30.43%), structural molecule activity 
(13.04%), enzyme regulator activity (6.52%), channel regulator activity (2.17%), and nucleic 
acid binding transcription factor activity (2.17%) (see online suppl. material, Fig. S2). Most 
of identified annotated proteins were located in the organelle, cell part, cell, extracellular 
region part, and extracellular region, respectively (see online suppl. material, Fig. S2).

Additionally, the protein-protein network of URE modulated proteins was analysed 
with Cytoscape network analysis. The network formed by the identified proteins provided 
insights into the potential mechanisms and biological processes that were regulated by URE. 
In this study, 22 proteins could be link together into one network through direct interaction 
(Fig. 2), revealing their inherent correlation. These interacting proteins include the ribosome 
proteins and metabolic process proteins. Several differentially expressed proteins, such as 

Fig. 1. (A) Effects of MPP+ (1 mM) only and URE 
(20 mg/mL) together with MPP+ (1 mM) on 
cell morphology, bright-field and DAPI staining 
images. (B) The ration of fragment and round cells. 
**p<0.01 compared with control group, ##p<0.01 
compared with MPP+ group.
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HSP90AA1, HSP90AB1, CCT4, and LDHA, were identified as multiple central nodes, which 
might serve as the important proteins for the neuroprotective activity of URE.

Confirmation of differentially expressed proteins by Western blotting
Western blotting assay was then used to validate the expressions of the main identified 

proteins. As shown in Fig. 3, α-Tubulin, LDHA, CCT4, YWHAE, and AHCY were found to be up-
regulated, whereas HSP90AA1, HSP90AB1, HIST1H4A, and H3F3A were found to be down-
regulated after URE administration in MPP+ treated SH-SY5Y cells, which were identical to 
the proteomics results. 

Western blotting analysis of HSP90 client proteins
HSP90AA1 and HSP90AB1, with significant interactions with other differentially 

expressed proteins, were the key central nodes according to the protein-protein network 
(see online suppl. material, Fig. S2 and Table S3). Previous studies have indicated that HSP90 
plays an important role in the anti-PD field [22-24], therefore, HSP90AA1 and HSP90AB1 
were speculated to be two critical proteins affected by URE treatment in MPP+-induced SH-
SY5Y cells. HSP90, as a molecular chaperone, played an indispensable role in normal cellular 
homeostasis by regulating the folding, stability, and function of its client proteins, some 
of which have effects in regulating signal transduction pathways. Thus, the expressions of 
HSP90 client proteins, such as p-p38, p-JNK, p-ERK, p-PI3K p85, PI3K p110α, p-AKT, CDK4, 
Cyclin D1, and VEGF [25, 26], were analysed by Western blotting. The expression levels of 
CDK4, Cyclin D1, VEGF, p-ERK, p-PI3K p85, PI3K p110α, and p-AKT significantly decreased in 
the MPP+ group, and the expression levels of JNK and p38 were significantly increased in the 
MPP+ group. However, these 
results were reversed in the 
URE group (Fig. 4).

Effects of URE on MPP+-
induced cell apoptosis 
and autophagy
MAPKs, PI3K, and 

AKT proteins, as important 
HSP90 client proteins, can 
regulate apoptosis-related 
and autophagy-related 
proteins, such as cleaved 
caspase 3, Bcl-2, Bax, 
and LC3, which indicates 
that they played critical 
roles in cell apoptosis and 
autophagy [27-29]. In order 

Fig. 2. The interaction network of the 22 differentially expressed pro-
teins.
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Fig. 3. (A) Western blotting of 
α-Tubulin, LDHA, CCT4, YWHAE, 
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HSP70, HIS1H4A, and H3F3A. (B) 
Quantitative data of (A). **p<0.01 
compared with control group, 
##p<0.01 compared with MPP+ 
group.
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to evaluate the effects of URE in cell apoptosis and autophagy, Western blotting and JC-1 
staining were performed.

Flow cytometry was conducted to confirm the effect of URE on MPP+-induced apoptosis 
in SH-SY5Y cells. These results indicated that URE markedly decreased the apoptotic ratio in 
SH-SY5Y cells treated by MPP+ (Fig. 5A and 5B).

The mitochondrial transmembrane potential, which is an important biochemical 
hallmark of apoptosis, was detected by JC-1 staining assay in order to assay the effect of 
URE on mitochondrial activity [29, 30]. As shown in Fig. 5C and 5D, high green and low 
red fluorescence intensity presented in MPP+-induced cells, suggesting mitochondrial 
depolarization. However, the above phenomenon was significantly reversed after 
pretreatment with URE. The actual Dym changes were quantified on the basis of the relative 
intensity of red vs. green fluorescence in the adequate groups (Fig. 5C and 5D). It was proved 
that URE could inhibit MPP+-induced apoptosis to protect MPP+-induced damage.

The mitochondrial apoptosis pathway is mainly involved in the apoptosis of dopaminergic 
neuronal cells. The biochemical hallmarks of apoptosis, such as cleaved caspase 3, Bax, 
and Bcl-2, were detected by Western blotting analysis [29, 30]. The expressions of cleaved 
caspase 3 and Bax remarkedly increased whereas the expression of Bcl-2 decreased after 
MPP+ (1 mM) administration. After the cells being treated with URE, the expressions of 
cleaved caspase 3 and Bax decreased, and the expression of Bcl-2 increased (Fig. 5E and 5F), 
indicating that URE possessed the protective activity on MPP+-induced damage in SH-SY5Y 
cells by inbition of MPP+-induced apoptosis.

Fig. 5. (A) Results of Annexin-V/PI 
binding assay through flow cytom-
etry for untreated control, MPP+ 
(1 mM), and URE (20 mg/mL) plus 
MPP+ (1 mM). (B) Apoptotic cell 
ratio. (C) JC-1 staining assay for 
untreated control, MPP+ (1 mM), 
and URE (20 mg/mL) plus MPP+ 
(1 mM). (D) The ratio of inten-
sity of red to green indicating the 
changes in Dym. (E) Effects of URE 
on the expression of apoptosis-re-
lated and autophagy-related pro-
teins (F) Quantitative data of (E), 
**p<0.01 compared with control 
group, ##p<0.01 compared with 
MPP+ group.
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Autophagy, a potential drug target for the treatment of PD, could protect neurons from 
injuries [31, 32]. In order to confirm the effect of URE on autophagy, autophagy biomarkers 
LC3-I and LC3-II were detected by Western blotting analysis. The expression of LC3-I 
decreased whereas the expression of LC3-II increased after MPP+ (1 mM) administration. 
The opposite results were observed after URE pretreament. (Fig. 5E and 5F), indicating that 
URE could induce autophagy.

URE improved MPTP-induced gait disorders
MPTP has been the most effective neurotoxin for inducing PD model of animals. 

Therefore, the inhibition of URE on HSP90 was detected in MPTP-induced mouse model.
Gait was generally disturbed in animals upon damage of dopaminergic neuron, and it 

could directly reflect the subtle changes in motor behavior [33, 34]. To assess the effect of 
URE against MPTP-induced gait disorders, some gait parameters were measured on Catwalk 
automated gait analysis system, including duration, maximum variation, average speed, 
and cadence. As shown in (Fig. 6), MPTP treatment prolonged the duration and maximum 
variation, and decreased average speed and cadence. The impairment of gait behavior 
was dose-dependently ameliorated by URE treatment, suggesting that URE could improve 
behavioral impairments induced by MPTP.

Effects of URE on the levels of DA, 
DOPAV, and HVA in STR
In order to detect the levels of DA and 

its metabolites in STR, HPLC-EC was used 
to analyse the effect of URE against DA 
and its metabolites. The administration 
of MPTP decreased in the levels of 
dopamine and its metabolites compared 
with the control group, whereas the URE 
treatment significantly attenuated the 
decrease in their levels (Fig. 7).

URE attenuated dopaminergic 
neuronal loss of SN and STR in MPTP-
induced mouse model
TH is a critical marker of 

dopaminergic neurons, thus, SN and 
STR were immunostained to assay for 
the neuroprotective effect of URE in 
vivo model. The MPTP group showed 
significantly fewer TH-positive cells and 
fibers than the control group. However, 

Fig. 7. Representative microphoto-
graphs of TH immunostaining of SN 
and STR (A), quantitative data of SN 
(B) and STR (C), and effects of URE 
treatment on contents of DA, DOPAC, 
and HVA in STR after MPTP treatment 
(D), **p<0.01 compared with control 
group, ##p<0.01 compared with MPTP 
group.
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Fig. 6. Effects of URE on the behavioristics of MPTP-in-
duced mice model. (A) The flow chart of experiments. 
(B) The behavioristics parameters, **p<0.01 compared 
with control group, ##p<0.01 compared with MPTP 
group.
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pretreatment with URE could dose-dependently prevent the loss of TH-positive cells in SN 
and the loss of TH-positive fibers in STR (Fig. 7). The expression of TH was significantly 
down-regulated in the MPTP group, whereas pretreatment with URE could dose-dependently 
attenuate MPTP-induced TH loss in SN (Fig. 7). These results showed that URE protected 
against MPTP-induced dopaminergic neuronal loss.

URE suppressed the expression of HSP90 in vivo model
According to the above-mentioned in vitro results, URE had the neuroprotective activity 

through inhibition on HSP90. Therefore, the inhibitory effect of URE on HSP90 was confirmed 
in vivo model. The expression levels of HSP90AA1 and HSP90AB1 were significantly 
increased in MPTP group (Fig. 8), whereas their expression levels were dose-dependently 
decreased by URE treatment, indicating that URE could suppress the expression of HSP90 to 
ameliorate PD in vivo.

Discussion

Some evidences have indicated that URE possess a promising role in neuroprotective 
effect through anti-apoptosis and antioxidative stress [13, 35]. An understanding of the 
mechanisms and drug targets of this neuroprotective effect will be beneficial to develop 
effective ways for improving or preventing the progression of PD. Therefore, in our present 
study, proteomics and bioinformatics were investigated in both MPP+-induced cell injury and 
MPTP-induced PD models. We first reported that URE possessed anti-apoptotic and induced-
autophagy effects through MAPK and PI3K-AKT signal pathways via HSP90 inhibition.

HSP90 has been recently identified as the predominant chaperone implicated in 
α-synuclein-induced PD pathologies [36, 37], which could prevent α-synuclein misfolding, 
oligomerization, and aggregation to suppress α-synuclein misfolding-induced PD toxicity 
[38]. In addition, HSP90 could regulate the proliferative and senescent client proteins [14], 
including PI3K, AKT, MAPKs, CDK4, Cyclin D1, and VEGF, which also indicated that HSP90 
played an important role in the PD [24, 25, 38, 39]. Quantitative proteomics technique 
is a reliable and precise method to predict the disease-specific targets and underlying 
mechanism [21]. In order to clarify the mechanism of URE, we employed quantitative 
proteomics techniques. Our proteomic and bio-informational analysis results suggested that 
HSP90 might involve in the effect of URE, and the profile of protein-protein network also 
revealed that it played a critical role in all identified proteins. Our results indicated that URE 
could suppress the expression of HSP90 to ameliorate PD.

Damages of dopaminergic neurons could lead to the production of neuron apoptosis, 
and then cause PD [19]. MAPKs, PI3K, and AKT, as HSP90 client chaperones, could regulate 
cell apoptosis, autophagy, proliferation, neural plasticity, and cell survival, indicating that 
MAPK and PI3K-AKT signal pathways played critical roles in the nervous system [40-42]. 
Previous studies suggested that the apoptosis-related and autophagy-related proteins, 
such as Bcl-2, Bax, LC3, and cleaved caspase 3, involved in the MAPKs and PI3K-AKT signal 
pathways. Therefore, HSP90 client proteins MAPKs, PI3K, and AKT proteins were detected 

Fig. 8. (A) Western blot of TH, 
HSP90AA1, HSP90AB1, and HSP70 
in the SN. (B) Quantitative data of 
(A). **p<0.01 compared with con-
trol group, #p<0.05 compared with 
MPTP group, ##p<0.01 compared 
with MPTP group.
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by Western blot together with apoptosis-related and autophagy-related proteins Bcl-2, Bax, 
LC3, and cleaved caspase 3. Our results indicated that URE could protect MPP+-induced cell 
injury through inhibition on apoptosis and induction of autophagy via MAPK and PI3K-AKT 
signal pathways.

To further evaluate the neuroprotective effect of URE in vivo, we employed MPTP-
induced mouse model. Gait was generally disturbed in animals upon damage of dopaminergic 
neuron, and the expression level of TH as a rate-limiting enzyme in the DA biosynthesis 
also reflected whether there was the damage of dopaminergic neuron [19, 43]. Therefore, 
some gait parameters and the expression level of TH were detected. MPTP treatment 
prolonged the duration and maximum variation, decreased average speed, cadence, and 
the expression level of TH, whereas the above results were reversed in URE group. In order 
to assay the inhibitory effect of URE on HSP90, Western blotting was used. The expression 
levels of HSP90AA1 and HSP90AB1 were significantly increased in MPTP group, whereas 
their expression levels were dose-dependently decreased by URE treatment. The above-
mentioned results demonstrated that URE has neuroprotective effect against MPTP-induced 
dopaminergic neurodegeneration in mice through inhibition on HSP90 expression.

Conclusion

In this study, quantitative proteomics and bioinformatics were used to investigate 
the in vitro mechanism of URE in PD. Our results strongly showed that URE possessed 
neuroprotective effect including anti-apoptosis and induction of autophagy. URE could 
regulate MAPK and PI3K-AKT signal pathways, and inhibit the expression of HSP90. The 
in vivo result further confirmed that URE exerted anti-PD effect via inhibition of HSP90 
expression.
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