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Introduction
Parkinson’s disease (PD) is an age-related neurodegenerative 
disease characterized by progressive depletion of dopamine 
due to selective loss of dopaminergic neurons in the sub-
stantia nigra pars compacta (SNc)[1, 2].  Although the precise 
pathogenic mechanism leading to neurodegeneration in PD is 
unknown, it is widely accepted that neuroinflammation, oxi-
dative stress (OS) and mitochondrial dysfunction may contrib-
ute to dopaminergic neuron damage[3–7].  In addition to dopa-
mine replacement therapy, such as levodopa, in past decades, 
tremendous efforts have been made to develop new therapeu-

tic agents for PD, including selective dopamine receptor ago-
nists, A2A receptor antagonists and dual dopamine/serotonin 
receptor agonists[8–12].  However, these drugs can relieve only 
the symptoms of PD and are not a cure.  Therefore, identifying 
potent and effective neuroprotective agents to stop progres-
sive dopaminergic neuron loss remains an important chal-
lenge in the treatment of PD.

Dihydromyricetin (DHM) is a flavonoid extracted from 
Ampelopsis grossedentata in southern China.  DHM has been 
shown to be a potent anti-oxidative agent and to protect 
mitochondrial functions[13, 14].  In addition, recent studies have 
reported that DHM has anti-tumor and anti-inflammatory 
effects[15–18].  Interestingly, DHM can also protect PC12 cells 
from oxidative stress and elicit beneficial effects in both 
Alzheimer's disease and alcohol intoxication[13, 19, 20].  Although 
the molecular mechanisms underlying DHM-mediated effects 
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have not been elucidated, studies have shown that the AMPK/
GLUT4 signaling pathway may contribute to DHM-mediated 
inhibition of the oxidative stress response.  In addition, the 
NF-κB/MAPK signaling pathway and p53 have also been 
suggested to be associated with the anti-inflammatory and 
anti-tumor effects of DHM, respectively[13, 15, 21].  In the present 
study, we aimed to explore the potential therapeutic role of 
DHM in a mouse model of Parkinson’s disease.  The results 
indicated that administration of DHM significantly restored 
the MPTP-induced behavioral impairments.  We further 
demonstrated that DHM modulated the glycogen synthase 
kinase-3β (GSK-3β) pathway, which may contribute to DHM-
mediated dopaminergic neuronal protection.  

Materials and methods
Drugs and reagents
DHM was obtained from Shanghai Standard Biotech Co, Ltd 
(Shanghai, China) and dissolved in dimethylsulfoxide (DMSO) 
to a concentration of 1 mg/µL and then diluted with saline for 
intraperitoneal (ip) injection (5 or 10 mg/kg) of the mice.  The 
final DMSO concentration was below 0.1%, and the injection 
volume was 1 mL/kg of body weight.  For cell culture, DHM 
was solubilized using DMSO to a 100 mmol/L stock solu-
tion and kept at -20 °C.  The stock solution was diluted with 
cell culture medium to designated concentrations between 5 
µmol/L and 100 µmol/L.  MPTP (Sigma-Aldrich, #M0896) 
was dissolved in saline.  Mice were intraperitoneally injected 
with 25 mg/kg MPTP.  MPP+ (Sigma-Aldrich, #D048) was dis-
solved in PBS and added to the cells for a final concentration 
of 500 µmol/L[22].  LY294002 was purchased from Beyotime 
(Shanghai, China) and stored at a concentration of 10 mg/mL, 
and the final concentration in cell culture was 30 µmol/L.  

Animals and MPTP administration
Male C57BL/6J mice (6–8 weeks, 20–25 g) were purchased 
from the Shanghai SLAC Laboratory Animals Co Ltd (Shang-
hai, China).  The animals were housed in SPF conditions 
(temperature: 21±1 °C) with air exchange every 20 min and 
an automatic 12 h/12 h light-dark cycle (lights on from 6:00 
to 18:00).  Animals were allowed free access to a standard 
laboratory diet and water.  All animal care and experimental 
protocols were approved by the Institutional Animal Care and 
Use Committee of Soochow University and were in compli-
ance with the Guidelines for the Care and Use of Laboratory 
Animals (Chinese-National-Research-Council, 2006) and 
with the ‘ARRIVE’ guidelines (Animals in Research: Report-
ing In Vivo Experiments).  Male C57BL/6 mice were divided 
into five groups: saline, DHM alone (10 mg/kg), MPTP (25  
mg/kg), DHM (5 mg/kg)+MPTP (25 mg/kg) and DHM (10 
mg/kg)+MPTP (25 mg/kg).  Mice were intraperitoneally 
injected with MPTP for 7 d.  For the groups with MPTP and 
DHM treatment, mice were given ip 5 or 10 mg/kg DHM for 
a total of 13 d (3 d before the start of MPTP, during MPTP 
administration (7 d) and three days after the end of MTPT).  
On d 14, behavioral tests were conducted.  After the behav-
ioral tests, the mice were sacrificed and the brain tissue was 

collected for further analysis[22].

Behavioral testing
Locomotor activity 
Mouse horizontal locomotor activity was measured using an 
infrared photobeam activity cage system (Jiliang Ltd, Shang-
hai, China).  Before the experiment, the animals were habitu-
ated in the test room for 30 min.  Then, mice were individually 
placed in the center of a Plexiglas/polyvinyl chloride (PVC) 
cage (25 cm×25 cm×30 cm).  Total ambulatory counts and the 
distance travelled (cm) were recorded in a 50 min period[23].

Rotarod test
One day before testing, the mice were trained until they could 
remain on the rotarod (UGO Basile, Italy) for 120 s without 
falling.  During testing, mice were placed on the rotarod, and 
the rotation speed was increased from 5 to 40 r/min in 5 min.  
The latency (time) to fall from the rotarod was automatically 
recorded.  Each mouse was tested in three independent trials 
with a 20 min intertrial interval.  The latency to fall was calcu-
lated as the average of three trails[24, 25].  

Pole test 
Mice were placed head down on the top of a vertical wooden 
pole (60 cm in length and 2 cm in diameter) with a rough sur-
face.  The latency for the mice to climb down from the top of 
the pole to the base was measured.  Trials were considered 
a failure if the mouse jumped or slid down the pole.  Each 
mouse underwent five trials, and the average latency was then 
recorded[25].

Cell culture
MES23.5 cells were kindly provided by Dr Wei-dong LE (Bay-
lor College of Medicine, Houston, TX, USA).  The cells were 
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 
(Gibco, 12430-054) containing 5% fetal bovine serum (FBS) 
(Gibco, 16000-044), 1% penicillin/streptomycin (Invitrogen, 
15140-122) and insulin-transferrin-selenium (1:100 dilution, 
Gibco, 1672743) at 37 °C in a humid environment (5% CO2, 95% 
air).  Cells were seeded at a density of 1×105/cm2, and treated 
with MPP+ and DHM for 24 h for cell viability assays and ROS 
measurement and 48 h for apoptosis analysis.

Immunofluorescence staining
Following the behavioral tests, mice were anesthetized with 
4% chloral hydrate and then perfused through the left ven-
tricle perfusion with phosphate-buffered saline (PBS, pH 7.4), 
followed by paraformaldehyde (4%) in 0.1 mol/L PBS (pH 
7.4).  Following perfusion, the mice were sacrificed, and their 
brains were collected and post-fixed in paraformaldehyde 
overnight at 4 °C, followed by 30% sucrose overnight at 4 °C.  
The brains were serially cut into 20 µmol/L coronal sections 
using a freezing microtome.  For immunofluorescence stain-
ing[23], the midbrain sections were rinsed three times with 0.1 
mol/L PBS and incubated in PBS containing 3% BSA and 0.3% 
Triton for 2 h at room temperature.  The sections were washed 
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in PBS and then incubated with anti-TH antibody (1:400, Mil-
lipore, USA) at 4 °C for 24 h.  The sections were washed (3×10 
min) in PBST (PBS containing 0.3% Triton) and incubated with 
Alexa Fluor 488 conjugated goat anti-rabbit IgG (1:400, Thermo 
Fisher Scientific) for 2 h at room temperature in the dark.  
The sections were washed (10 min each) and then mounted 
using mounting medium (Thermo Fisher Scientific, USA) and 
imaged using a laser confocal fluorescent microscope.

MTT assay
MES23.5 cells were seeded in 96-well plates at a density of 
4000 cells per well.  After 12 h, 500 µmol/L of MPP+ and 
different concentrations of DHM (DHM was added 30 min 
before MPP+) were added to the wells (three replicates for 
each group).  Briefly, the cells were rinsed with PBS, and 30 
μL MTT (0.5 mg/mL) was added to each well.  The plates 
were incubated at 37 °C for an additional 2 h.  Then, 100 μL of 
DMSO was added to each well, and the plates were shaken 
using a microplate shaker to completely dissolve the MTT 
formazan crystals.  The absorbance was measured at 570 nm 
using a spectrophotometer[26].  

Apoptosis detection
Apoptosis was measured using flow cytometry with an 
Annexin V-FITC Apoptosis Detection Kit (Beyotime, Shang-
hai, China)[26, 27].  The cells were digested with trypsin and then 
washed and resuspended in cold PBS at a density of 1×105.  
The cells were centrifuged at 1000 r/min for 5 min and resus-
pended with 195 µL of Annexin V-FITC combing solution.  
Then, the cells were incubated in 5 µL of Annexin V-FITC and 
10 µL of propidium iodide at room temperature for 20 min in 
the dark.  After incubation, the percentage of apoptotic cells 
was measured using flow cytometry.

Measurement of intracellular ROS
Cells were seeded at a density of 1×105 and treated with MPP+/
DHM, as described above.  CellROXTM Deep Red Reagent (Life 
Technologies, USA) was added to the cells at a final concentra-
tion of 5 µmol/L.  The cells were incubated for 30 min at 37 °C, 
and then the culture medium was removed, and the cells were 
washed three times with PBS.  The cells were digested with 
trypsin and then resuspended in PBS.  Intracellular ROS were 
determined using flow cytometry[26].

Western blotting
Cells or tissues were lysed in RIPA buffer (Cell Signaling Tech-
nology, USA) and incubated at 95 °C for 5 min.  Protein con-
centrations were determined using a Bradford Protein Assay 
Kit (Bio-Rad, Hercules, CA, USA).  Proteins were separated 
on sodium dodecyl sulfate polyacrylamide gel and then trans-
ferred to a polyvinylidene difluoride membrane.  Membranes 
were probed with anti-TH antibody (1:1000, Millipore), anti-
VMAT2 antibody (1:500 Santa Cruz), anti-GSK3β antibody 
(1:1000, Cell Signaling Technology), anti-p-GSK3β antibody 
(1:1000, Cell Signaling Technology), anti-Akt antibody (1:600, 
Cell Signaling Technology) or anti-p-Akt antibody (1:400, Cell 

Signaling Technology).  Membranes were probed with mono-
clonal anti-α-tubulin antibody (1:10 000, Sigma-Aldrich) as a 
loading control.  The results were analyzed using a ChemiS-
cope 3300 Mini (Clinx Science Instruments, Shanghai, China).

Statistical analysis 
Data were analyzed using Graph Pad Prism software (version 
6.0) and are expressed as the mean±standard error of the mean 
(SEM) in behavial test and mean±SD in other experiment.  
Two-way and one-way ANOVAs followed by Bonferroni post 
hoc tests were utilized for multiple-group comparisons.  Stu-
dent’s t-test was used for comparisons between two groups; 
P<0.05 was considered statistically significant.

Results
DHM promotes recovery from MPTP-induced motor impairment
We first examined the effects of DHM administration on 
experimental Parkinsonism in a mouse model.  As expected, 
MPTP treatment induced severe motor impairments, as evi-
denced by the climbing pole and rotarod tests.  Administration 
of DHM (5 or 10 mg/kg) attenuated the MPTP-induced deficit 
in movement balance (Figure 1A and 1B).  Similarly, DHM 
also improved exploratory and locomotor activity in MPTP-
treated mice (Figure 1C and 1D).  DHM treatment alone had 
no effect on mouse behavior compared with the saline group 
(Figure 1).  These results suggest that DHM elicits a potent 
protective effect against MPTP-induced impairments in motor 
function.  In addition, DHM administration significantly 
attenuated the MPTP-induced decrease in tyrosine hydroxy-
lase (TH) expression in the substantia nigra pars compacta 
(SNc) (Figure 2).  To further confirm this observation, we used 
Western blotting to measure the expression level of the DA 
neuron markers, TH and vesicular monoamine transporter 2 
(VMAT2), in another set of animals with identical treatments, 
as described in Figure 1.  As shown in Figures 3 and 4, DHM 
treatment significantly restored the MPTP-induced decrease 
in TH and VMAT2 expression in the striatum and SNc.  DHM 
alone did not alter the expression of TH or VMAT2 (data not 
shown).  Furthermore, DHM also restored the MPP+-induced 
impairment in TH and VMAT2 expression in a dopamine 
neuronal MES 23.5 cell line (Figures 3 and 4).  Taken together, 
these data demonstrate that DHM elicits a potent neuroprotec-
tive effect on dopamine neurons.  

DHM protects DA neurons from MPP+ toxicity and inhibits the 
production of ROS in MES23.5 cells
We next investigated the effect of DA neuronal protection 
in MES23.5 cells.  We found that DHM treatment alone did 
not alter cell viability at concentrations up to 100 μmol/L in 
cultured MES23.5 cells (data not shown).  However, using 
an MTT assay, we observed that DHM attenuated MPP+-
induced cell injury in a dose-dependent manner (Figure 5A).  
The neuroprotective effect of DHM was further confirmed 
using flow cytometry (Figure 5C).  It is well known that MPP+ 
inhibits mitochondrial complex I enzyme activity and leads to 
increased production of ROS.  Several studies have showed 
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Figure 1.  Chronic treatment with DHM induces behavioral motor recovery.  Male C57BL/6 mice were divided into five groups: saline, 10 mg/kg DHM, 10 
mg/kg MPTP, 5 mg/kg DHM+MPTP and 10 mg/kg DHM+MPTP.  Mice were injected intraperitoneally (ip) with MPTP (25 mg/kg) for 7 d.  For the groups 
treated with both DHM and MPTP, mice were given 5 or 10 mg/kg of DHM for a total of 13 d (3 d before the start of MPTP, during MPTP administration 
(7 d) and 3 d after the end of MPTP).  For the saline or DHM alone groups, mice were injected with saline or DHM for 13 consecutive days.  On d 14, 
behavioral tests were conducted as described in Methods.  (A) Climbing pole test; (B) Rotarod test.  The results are expressed as the total time that the 
mouse remained on the pole or rotarod.  (C) Average travel speed; (D) Total distance travelled.  The total distance and average speed were measured 
using the open field test with a video-based system, as described in Methods.  The results are presented as the mean±SEM of at least 12 mice per 
group.  Statistical analyses were performed using a one-way ANOVA (*P<0.05, **P<0.01).

Figure 2.  DHM treatment attenuated the MPTP-induced decrease in tyrosine hydroxylase (TH) expression in mice.  Animals treated as described in 
Figure 1 were sacrificed following behavioral testing.  Tissue preparation and immunofluorescence staining with anti-TH antibody were conducted as 
described in Methods.  Representative photomicrographs are shown.  (A) ×10 magnification.  (B) ×40 magnification of the substantia nigra area.  
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that DHM is a powerful ROS scavenger[14, 28].  Therefore, we 
examined whether DHM also inhibited FFF+-induced produc-
tion of ROS.  As shown in Figure 5B, DHM significantly inhib-
ited the MPP+-induced production of ROS in MES23.5 cells.  

DHM inhibition of GSK-3β activity may contribute to DA neuronal 
protection
The phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt/
PKB) signaling pathway plays a key role in cell survival, pro-
liferation and differentiation[29–31].  Akt is a direct downstream 
effector of the PI3K pathway and is activated by phosphory-
lation at Ser473.  Akt phosphorylates its downstream sub-
strate glycogen synthase kinase-3β (GSK-3β), which leads to 
inactivation of the enzyme.  GSK-3β dysregulation plays an 
important role in the pathogenesis of many neurodegenerative 
diseases, including Parkinson’s disease[32–34].  Alterations in 

GSK-3β activity have been shown to contribute to DA neuro-
nal death induced by MPTP and other insults.  Therefore, we 
investigated the role of DHM in the Akt/GSK-3β pathway.  
In cultured MES23.5 DA cells, DHM alone activated Akt and 
increased the phosphorylation of GSK-3β at ser-9 in a time- 
and dose-dependent manner (Figure.6A and B).  As expected, 
MPP+ treatment induced activation of GSK-3β, whereas 
DHM pretreatment abolished the MPP+-induced activation 
of GSK-3β (Figure 6C).  Accordingly, DHM restored MPP+-
induced suppression of TH expression.  Inhibition of Akt 
activation using a PI3K/Akt selective inhibitor (LY294002) 
abolished the DHM-induced restoration of TH expression 
(Figure 6D).  These results indicate that DHM regulation of the 
GSK-3β pathway may contribute to the DA neuroprotective 
effects of DHM.  Finally, we further investigated the regulation 
of GSK-3β by DHM in vivo.  MPTP treatment activated GSK-3β 

Figure 3.  DHM alleviates the MPTP/MPP+-induced decrease in TH expression in vivo and in cultured MES23.5 DA neurons.  Mice were treated as 
described in Figure 1.  The striatum and SNc were dissected and processed as described in Methods.  (A) TH expression in the striatum.  (B) TH 
expression in the SNc.  (C) MES23.5 DA cells were cultured as described in Methods and treated with MPP+ or vehicle in the presence or absence of 
various concentrations of DHM for 24 h.  Cells were collected for Western blotting using anti-TH antibody (1:1000, Millipore).  TH, tyrosine hydroxylase. 
Mean±SD.  n=3.  *P<0.05, **P<0.01.



1320
www.nature.com/aps

Ren ZX et al

Acta Pharmacologica Sinica

in both the striatum and SNc (Figure 7A and 7B).  However, 
DHM pretreatment attenuated the MPTP effect (Figure 7A and 
7B).  Taken together, our data suggest that DHM protects DA 
neurons from MPTP-induced lesions by modulating GSK-3β 
activity.

Discussion
The present study indicated that administration of DHM sig-
nificantly attenuates MPTP-induced behavioral impairments 
and DA neuron loss in an experimental mouse model of Par-
kinson’s disease.  Direct DA neuronal protection was further 
confirmed in a cultured DA neuronal cell line (MES23.5 cells).  
We found that, in addition to the inhibitory effect of DHM on 
ROS production, DHM administration inhibited GSK-3β acti-
vation in MES23.5 cells and in the striatum and SNc of mice.  

Moreover, DHM abolished MPP+-induced GSK-3β activation.  
Accordingly, inhibition of GSK-3β activity attenuated the 
MPTP-induced decrease in TH and VMAT2 expression.  These 
data provide clear evidence that DHM elicits potent neuropro-
tective effects against MPTP lesions on DA neurons.  In addi-
tion, our data demonstrate that DHM-mediated inhibition of 
GSK-3β may contribute to this protection.

DHM is a natural flavonoid extracted from an indigenous 
plant in southern China (Ampelopsis grossedentata).  Previ-
ous reports have shown that DHM exhibits powerful anti-
oxidative effects to protect cells from insult[13, 28].  In addition, 
DHM has been shown to have potent anti-inflammatory 
effects on LPS-induced inflammation in RAW264.7 cells by 
inhibiting activation of the NF-κB and MAPK signaling path-
ways[15].  DHM was also shown to inhibit hepatocellular car-

Figure 4.  DHM alleviates the MPTP/MPP+ induced decrease in VMAT2 expression in vivo and in cultured MES23.5 DA cells.  Mice were treated as 
described in Figure 1.  The striatum and SNc were dissected and processed as described in Methods.  (A) VMAT2 expression in the striatum. (B) VMAT2 
expression in the SNc. (C) MES23.5 cells were cultured as described in Figure 3 and were collected for Western blotting using anti-VMAT2 antibody (1:500, 
Santa Cruz).  VMAT2, Vesicular monoamine transporter 2.  Mean±SD.  n=3.  *P<0.05, **P<0.01.
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cinoma growth through p53[16, 18].  Recently, DHM was shown 
to improve behavioral deficits in a transgenic mouse model 
of Alzheimer's disease[19].  Moreover, one study reported that 
DHM may be a novel anti-alcohol intoxication medication[20].  
In the present study, we showed that DHM pretreatment sig-
nificantly attenuates MPTP-induced behavioral deficits and 
DA neuron impairments.  We found that DHM directly pro-
tected DA neurons against MPP+ insults, which suggests that 
DHM may be a therapy for Parkinson’s disease.

The GSK-3β pathway plays a critical role in the pathology of 
many neurodegenerative diseases, including Parkinson’s dis-
ease.  In addition, GSK-3β signaling is known to be involved 
in the regulation of neuronal apoptosis and neuroinflamma-
tion[34–37].  GSK-3β has become a treatment target for neurode-
generative and psychiatric diseases[32, 38].  In the present study, 
we found that DHM stimulated phosphorylation of GSK-3β in 
DA cells in a time- and dose-dependent manner.  DHM also 
attenuated MPP+-induced activation of GSK-3β in cultured 
DA cells and in MPTP-treated mice, which likely contributes 
to DHM-mediated DA neuronal protection.  In addition to 
DHM-mediated suppression of ROS production, the present 
study provides the first evidence that DHM modulates the 
Akt/GSK-3β pathway, which may contribute to the neuro-

protective effects of DHM.  However, the precise mechanism 
underlying DHM-mediated regulation of the Akt/GSK-3β sig-
naling pathway is unclear.

In summary, the present study showed that DHM elicits 
potent neuroprotective effects on DA neurons by modulating 
the Akt/GSK-3β pathway.  The data reveal that DHM may be 
a promising candidate for Parkinson’s disease treatment.  
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Figure 5.  DHM increased cell viability, inhibited apoptosis and inhibited ROS production in cultured DA neurons treated with MPP+.  MES23.5 DA cells 
were cultured as described in Methods and treated with either MPP+ or vehicle in the presence or absence of different concentrations of DHM for 24 h.  
(A) Cell viability as measured using an MTT assay.  (B) ROS generation was determined using flow cytometry after the cells were stained with CellROXTM 
Deep Red Reagent (Life technologies, USA) for 30 min at 37 ºC.  (C) The percentage of apoptotic cells was detected using flow cytometry.  A total of 
1×105 MES23.5 DA cells were cultured with both MPP+ and DHM for 48 h.  The cells were stained with Annexin V and PI for 20 min and detected using 
flow cytometry (Annexin V-FITC Apoptosis detection kit, Beyotime, China). Mean±SD. n=3.  **P<0.01.
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