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Abstract: Objective: The aim of the present study was to assess the therapeutic impact of diosgenin derivative 
ML5 on Parkinson’s disease (PD) and explore the mechanism underlying mitochondrial biogenesis and fusion/
fission. Methods: We established 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced mouse models and 
N-methyl-4-phenylpyridinium iodide (MPP+)-induced cell models of PD. The pole test and forced swimming test were 
used to detect the motor coordination and depressive symptoms in mice. The influence of ML5 on dopaminergic 
neuronal injury was investigated. Meanwhile, adenosine triphosphate (ATP) content, mitochondrial membrane po-
tential (MMP), and reactive oxygen species (ROS) production were measured to evaluate mitochondrial function. 
Confocal and transmission electron microscopy were used to detect mitochondrial morphology of cell. The expres-
sion of mitochondrial biogenesis-related proteins was measured by Western blotting. Results: The administration 
of ML5 showed the neuroprotection against MPTP-induced damage in vivo and in vitro. The levels of ATP, MMP, 
and ROS were restored after ML5 administration. In addition, we observed that ML5 preserved the mitochondrial 
network morphology and inhibited mitochondrial fission. Furthermore, the amelioration of mitochondrial dysfunc-
tion was mediated by enhancing 5’-monophosphate-activated protein kinase (AMPK) and peroxisome proliferators-
activated receptor γ coactivator-l alpha (PGC-1α) expression, which activated its downstream modulators leading to 
the enhancing of mitochondrial biogenesis and the balance of mitochondrial fusion/fission. Conclusion: ML5 can 
protect the PD models against MPTP/MPP+-induced mitochondrial dysfunction and neuronal injury via promoting 
AMPK/PGC-1α signaling activation and be used as a therapeutic drug for PD treatment.
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Introduction

Parkinson’s disease (PD), second only to Al- 
zheimer’s disease, is the highest globally preva-
lent neurodegenerative disease. Dyskinesia is 
the primary clinical feature of PD, which com-
monly includes bradykinesia, muscle stiffness, 
resting tremor, and postural balance disorder, 

accompanied by other non-motor symptoms [1, 
2]. In PD, the substantia nigra (SN) pars com-
pacta of the brain exhibits progressive degen-
eration or loss of dopaminergic neurons, and 
accumulation of misfolded alpha-synuclein in 
Lewy bodies, leading to dopamine shortage 
within the basal ganglia [3]. In the striatum, 
dopamine and acetylcholine are two significant 

neurotransmitters that antagonize and main-
tain the normal activity of the basal ganglia [4].

Recently, mitochondrial biogenesis has been 
identified as an essential contributor to neuro-
degeneration. In addition, it is also critically 
involved in the maintenance of mitochondrial 
homeostasis during the mitochondrial life cycle 
[5]. Meanwhile, mitochondrial biogenesis is  
significantly mediated by the signaling associ-
ated with adenosine 5’-monophosphate-acti-
vated protein kinase (AMPK), sirtuin 1 (SIRT1), 
and peroxisome proliferators-activated recep-
tor γ coactivator alpha (PGC-1α). As an enzyme 
for phosphorylation at serine/threonine, AMPK 
can function at AMP/ATP levels during ATP 
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depletion and serve as an energy metabolism 
sensor [6]. The function of histone deacetylase 
SIRT1, a member of the sirtuin family, depends 
on coenzyme I. SIRT1 exerts a neuroprotective 
effect by deacetylating and activating PGC-1α 
and maintains mitochondrial homeostasis by 
attenuating the 1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine (MPTP)-caused neurotoxicity 
[7]. PGC-1α regulates mitochondrial respiration 
and biogenesis by activating its downstream 
target genes nuclear factor erythroid 2-related 
factor 2 (NRF2) and mitochondrial transcri- 
ption factor A (TFAM). Notably, one of the main 
AMPK downstream effectors is PGC-1α, whose 
decreased activity is associated with sporadic 
PD cases [8]. In neuronal cells, the morphology 
and migration ability of mitochondria are par-
ticularly important. Mitochondria continue to 
fuse and divide, forming a highly dynamic net-
work structure in cells [9]. It has been discov-
ered that PGC-1α could negatively regulate the 
expression of dynamin-related protein 1 (Drp1) 
by binding to its promoter, thereby promote 
mitochondrial fusion and fission equilibrium 
[10].

Currently, only symptomatic treatments are 
available for PD; all these options are associat-
ed with adverse effects and cannot stop or 
delay the advancement of disease. Conse- 
quently, the synthesis of multi-targeted drugs is 
considered an attractive option for the man-
agement of neurodegenerative diseases. As a 
natural steroidal saponin, diosgenin is extract-
ed from turmeric or Dioscorea nipponica [11]. 
Researchers have found that diosgenin and its 
derivatives exert significant pharmacological 
effects on diseases associated with neurode-
generation, such as PD [12]. Li, et al. [13] found 
that diosgenin could alleviate movement disor-
ders in PD rats that were induced through injec-
tion of lipopolysaccharide into the striatum. In 
our previous study, we designed and synthe-
sized the multi-target compound ML5 based  
on the natural product diosgenin, which pos-
sesses antioxidant activity. We also introduced 
the structural fragment of rivastigmine, which 
has cholinesterase inhibitory activity. ML5 has 
exhibited a potent antioxidant capacity in vitro 
and neuroprotective activity in rats with bilat-
eral common carotid artery occlusion [14]. In 
the present study, we further assessed the 
therapeutic impact of ML5 in MPTP-induced 
mouse models and MPP+-induced cell models 

of PD and explored the mechanism underlying 
mitochondrial biogenesis and fusion/fission.

Materials and methods

Materials and reagents

The Chinese Academy of Sciences (Shanghai, 
China) provided SH-SY5Y cells, Gibco (New 
York, USA) provided trypsin-ethylene diamine 
tetraacetic acid and fetal bovine serum, and 
Hyclone (Logan, USA) provided dulbecco’s mod-
ified eagle medium/ham’s F 12 (DMEM/F12) 
medium. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT), ATP detection 
reagent kit, bicinchoninic acid protein quan- 
tification kit, and mitochondrial membrane 
potential (MMP) detection kit (JC-1) were 
obtained from Beyotime Biotechnology Co., Ltd. 
(Shanghai, China). 2’,7’-Dichlorodihydrofluore- 
scein diacetate (DCFH-DA) and MitoTracker 
Red CMXRos were obtained from Invitrogen 
(Karlsbad, USA). The antibodies of AMPK, phos-
phor-AMPK, mitofusin 1/2 (Mfn1/2), optical 
atrophy 1 (Opa1), Drp1, fission 1 (Fis1), PGC-
1α, and tyrosine hydroxylase (TH) were acquired 
from Cell Signaling Technology (Boston, USA). 
The antibodies of SIRT1, NRF2, heme oxygen-
ase-1 (HO-1), GAPDH, and Tubulin were pur-
chased from Proteintech (Chicago, USA). The 
antibodies of choline acetyltransferase (ChAT) 
and NAD(P)H: quinone oxidoreductase-1 (NQO-
1) were purchased from Servicebio (Wuhan, 
China). MPTP was purchased from Macklin 
Biological Technology Co., Ltd. (Shanghai, 
China). MPP+ was purchased from Yuanye 
Biotechnology Co., Ltd. (Shanghai, China). The 
compound ML5 was synthesized by Lei Ma’s 
laboratory at the East China University of 
Science and Technology (Shanghai, China). 
Selleck provided the dorsomorphin (compound 
C) 2HCl (Houston, USA).

Animals and drug administration

The C57BL/6J mice (male, 8 weeks old) were 
provided by Sipper-BK Experimental Animal 
(Shanghai, China). The protocols were approved 
by the Animal Ethics Committee of the East 
China University of Science and Technology 
(ethical approval: ECUST-2024-022). We con-
ducted all the animal-related experiments 
based on the Guide for the Care and Use of 
Laboratory Animals (National Institutes of 
Health).
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Five groups of ten animals each were created 
by randomly selecting the control group, model 
group, 3,4-dihydroxy-L-phenylalanine (L-Dopa) 
(60 mg/kg) group, ML5 (5 mg/kg) group, and 
ML5 (20 mg/kg) group. The compound ML5 
and L-Dopa (dissolved in saline) were intragas-
tric administered once daily for 15 consecutive 
days. MPTP (30 mg/kg in saline) was adminis-
trated i.p. for 5 days (i.e., days 10-14) in the 
mice of model, L-Dopa and ML5 groups. Equal 
volume of saline was used as vehicle control. 
Then the behavior of the mice was tested on 
day 15, and the mice were sacrificed on day 16.

Pole test

Based on the study conducted by Xu, et al. [15], 
the device was designed. The gauze was 
wrapped around the iron frame to avoid slip-
page, and a piece of foam board was fixed at a 
height of 55 cm to prevent mice from climbing. 
The mice were positioned with their heads 
straight upward and their tails down at the top 
of the pole. The locomotion activity time (T-LA) 
(i.e., when the hind feet of mice left the plat-
form) and the turning time (T-Turn) were record-
ed. This experiment was conducted thrice for 
each mouse, and the average values were uti-
lized as the results. The interval between each 
experiment was ≥15 min. All mouse were 
trained thrice per day for 3 days to become 
accustomed to the apparatus prior to the for-
mal experiment.

Forced swimming test

The mice were placed inside a cylindrical water 
tank with 20 cm deep water at 20-22°C. Next, 
the immobility time was recorded for the final 4 
min during which the mice were allowed to 
swim for 6 min. There was no training before 
the formal experiment, and each mouse was 
only tested once.

Nissl staining

Mice were subjected to transcardial perfusion 
with saline and 4% paraformaldehyde after 
asphyxiation of carbon dioxide. The brain was 
fixed with paraformaldehyde and further em- 
bedded in paraffin. Paraffin sections of the SN 
and striatum (thickness: 4 μm) were analyzed 
by Servicebio Company (Wuhan, China). Briefly, 
after dewaxing using xylene and rehydration 
with gradient alcohol, a 10-minute Nissl stain-

ing solution (Beyotime, China) was conducted 
to stain the sections. After being rinsed with 
distilled water, sections were dehydrated with 
different concentrations of ethanol, purified 
with xylene, and sealed with neutral balsam. 
Finally, the images were quantified using Image-
Pro Plus 6.0 to evaluate the number of positive 
cells.

Immunohistochemistry

The sections were rehydrated in absolute etha-
nol, 95% ethanol, 85% ethanol, and distilled 
water for 5 min after being deparaffinized in 
xylene (soaked twice for 10 min). Subsequently, 
an 8-minute heating of the section in citric acid 
antigen repair solution was conducted using a 
microwave oven. Following an interval of 7 min, 
the sections were heated for another 8 min. 
Thereafter, 20-minute incubation of the sec-
tions with hydrogen peroxide (3%) was carried 
out to remove endogenous peroxidase activity. 
Then, after blockage of the sections with 5% 
goat serum and overnight incubation with An- 
tibody I at 4°C, sections were incubated with 
Antibody II in the humidity chamber for 1 h. 
Finally, 3,3’-diaminobenzidine was utilized for 
staining the sections, and the cell nucleus was 
stained using hematoxylin. For the collected 
images, the Image-Pro Plus 6.0 software was 
employed to analyze the images.

Enzyme-linked immunosorbent assay (ELISA)

Appropriate amount of striatal tissue was 
weighed, ground to homogenate after adding 
phosphate buffered solution (PBS), centrifuged 
for 10 min at 4°C, and the supernatant was 
separated. The levels of dopamine, 3,4-dihy-
droxyphenylacetic acid (DOPAC), and homova-
nillic acid (HVA) were examined in the striatum 
using ELISA kits. After obtaining the optical 
density values at 450 nm with a microplate 
reader (BioTek, USA), the relative concentra-
tions were calculated by the standard curve 
method and expressed as pg/mg.

Cell culture and processing

The DMEM/F12 medium which contained fetal 
bovine serum (10%), penicillin (100 units/mL), 
and streptomycin (100 mg/mL) was used to 
culture SH-SY5Y cells at 37°C with 5% CO2. The 
compound ML5 was dissolved in dimethyl sulf-
oxide and diluted in DMEM/F12 medium to an 
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indicated final concentration before usage. 
MPP+ was diluted to 100 mM with PBS and 
stored at -20°C. After inoculation and cultiva-
tion in 96 or 6-well plates for 24 h, SH-SY5Y 
cells were processed with ML5 for 2 h as previ-
ously described. The serum-free medium was 
employed to administrate the control and 
injured cells. Cells in the experimental and inju-
ry group were subsequently exposed to MPP+ (1 
mM), which was diluted in a serum-free medi-
um. Equal volume of serum-free medium was 
given to cells in the control group.

Measurement of cell viability

For the determination of cell viability, we car-
ried out the MTT assay. The 5 mg/mL MTT solu-
tion was dissolved in PBS buffer. Following 
MPP+ stimulation, each well received MTT solu-
tion (10 μL), and then a 4-hour incubation was 
conducted at 37°C. After discarding the liquid, 
each well received dimethyl sulfoxide solution 
(100 μL). Finally, the absorbance at 490 nm 
was examined by a microplate reader (BioTek, 
Winooski, USA).

ATP content analysis

The level of ATP was examined using an ATP 
detection kit. After drug treatment, 200 μL of 
ATP lysate was given to each well, and 15-min-
ute pre-cold on ice was conducted. After 
10-minute centrifugation at 4°C and 12,000 × 
g, the collection of the supernatant was per-
formed. The 96-well whiteboard was filled with 
ATP detection solution (100 μL) for 3 min in the 
dark to deplete background ATP. Thereafter, 
each well received ATP standards or samples 
(10 μL). After 1 min of the reaction in the dark, 
the relative light unit value was measured and 
the standard curve method was applied to cal-
culate the content of ATP.

Evaluation of reactive oxygen species (ROS) 
levels

ROS levels were detected with the fluorescent 
vital dye DCFH-DA. This dye is oxidized by ROS 
to generate DCFH, resulting in fluorescence. 
Briefly, after 30-minute incubation of the cells 
with DCFH-DA (10 μM) dissolved in serum-free 
DMEM/F12 medium at 37°C, a flow cytometer 
(Beckman Coulter, USA) detection was con-
ducted to examine the fluorescence. Addi- 
tionally, the cells were also observed and 

recorded by a fluorescence microscope (Nikon, 
Tokyo, Japan).

MMP determination

To determine the MMP, we employed a JC-1 flu-
orescent probe. Along with the elevation of 
MMP, the accumulated JC-1 probe in the mito-
chondrial matrix can form a polymer and emit 
red fluorescence. Conversely, the JC-1 mono-
mer emits green fluorescence. Briefly, after 
20-minute incubation of the cells with 1× JC-1 
at 37°C in the dark, fluorescence was subse-
quently determined on a Synergy 2 microplate 
reader (BioTek, Winooski, USA) at the following 
wavelengths: red (ex/em = 585/590 nm) and 
green (ex/em = 514/529 nm). The fluorescence 
microscope (Nikon, Tokyo, Japan) was used to 
take representative pictures.

Mitochondrial morphology

A 100 nM concentration of the MitoTracker Red 
CMXRos was established in a DMEM/F12 
serum-free medium. Processed cells were incu-
bated with MitoTracker Red for 15 min avoiding 
light, and washed thrice with precooled PBS 
prior to observation. Mitochondrial morphology 
was observed and recorded by the confocal 
microscope (Leica, Wetzlar, Germany). The 
ImageJ software was utilized for image analy-
sis. The form factor (FF) was estimated as fol-
lows: FF = perimeter2/(4π × area).

Transmission electron microscopy (TEM)

Digestion and centrifugation were used to col-
lect the cells. Subsequently, they were trans-
ferred into a new TEM fixative for storage and 
transport at 4°C. After 2-hour fixation of the 
samples using 1% osmic acid, dehydration 
using alcohol gradient and purification using 
100% acetone were conducted. The samples 
were permeabilized and embedded in resin, 
and the ultramicrotome (Leica, Wetzlar, Ger- 
many) was used to section the resin blocks into 
60-80 nm sections which were fished out onto 
150-mesh copper grids. The copper grids were 
doubly stained with 2% uranium acetate satu-
rated alcohol solution as well as 2.6% lead 
citrate solution and dried overnight. Observation 
under TEM (Gatan, California, USA), the images 
were analyzed using the Image-Pro Plus 6.0 
software [16-18].
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Western blotting

For western blotting assay, cell lysis and the 
quantification of proteins were conducted. After 
separation of the protein samples with a sodi-
um dodecyl sulfate-polyacrylamide gel, trans-
ferring the protein bands to 0.45 μm polyvinyli-
dene fluoride membranes (Millipore, USA), and 
2-hour blocking of the membrane using 5% 
skim milk dissolved in tris-buffered saline with 
0.2% Tween 20 (TBST) buffer, overnight incu- 
bation with Antibody I at 4°C was conducted. 
After thrice rinsing using TBST, 2-hour incu- 
bation of the membranes with Antibody II for 2 
h and thrice washing with TBST were carried 
out. Finally, the membranes were immersed in 
enhanced chemiluminescence (Yeasen, Shang- 
hai, China) and photographed using the Tan- 
non 5200S chemiluminescence image system 
(Shanghai, China). The ImageJ software was 
used to analyze the grey value of the protein.

Statistical analysis

All the values of the results were expressed as 
mean ± S.E.M. The one-way analysis of vari-
ance and LSD post hoc test were applied for 
the statistical analysis using SPSS 26.0 soft-
ware (SPSS, Palo Alto, USA). The P-value less 
than 0.05 was set as a significant difference.

Results

ML5 ameliorated MPTP-induced motor dys-
function and alleviated dopaminergic neuronal 
impairment

ML5 alleviated behavioral deficits in MPTP-
induced mouse model of PD: To evaluate the 
neuroprotective function of ML5 in vivo, we 
established mouse models of PD and carried 
out follow-up experiments (Figure 1A). The 
structure of compound ML5 is shown in Figure 
1B. The pole test is typically utilized for assess-
ing the motor coordination and retardation of 
mice with PD. As shown in Figure 1C and 1D, 
the T-turn and T-LA required by mice of the 
model group were more prolonged than those 
recorded for the control group, indicating that 
the motor coordination of mice with PD was 
impaired. Conversely, treatment with L-Dopa 
and ML5 (5 mg/kg and 20 mg/kg) dramatically 
shortened the T-turn and total time required by 
mice with PD, suggesting that motor coordina-

tion and retardation were alleviated to some 
extent. The forced swimming test is commonly 
utilized for assessing motor competence and 
depression [19]. The immobility time of the 
model group was more prolonged than that of 
the control group. Therapy with L-Dopa, low-
dose ML5, and high-dose ML5 significantly 
reduced the immobility time of mice with PD, 
indicating improvement in the movement ability 
and depressive state of mice with PD (Figure 
1E).

ML5 increased the cell viability in vitro: We 
sought to examine whether ML5 adversely 
affected cell viability. Therefore, SH-SY5Y cells 
were processed with ML5 (0.01, 0.1, and 1 μM) 
for 24 h. No obvious cytotoxicity of ML5 was 
observed (Figure 1F). As presented in Figure 
1G, dramatically reduced cell viability was 
found in the MPP+-treated model group of cells, 
but not in control cells, whereas therapies with 
different doses of compound ML5 markedly 
increased cell viability.

ML5 promoted neuronal survival in vivo: To fur-
ther clarify ML5 effect on brain damage in PD 
mice induced by MPTP, we conducted Nissl 
staining for the SN and striatum (Figure 1H-K). 
MPTP stimulation significantly decreased the 
number of Nissl-positive cells in the SN and 
striatum, and the neurons exhibited shrunken 
morphology and irregular arrangement. Never- 
theless, this effect was counteracted by L-Dopa 
and ML5 treatment, and the number of neu-
rons in this region was also restored to the nor-
mal level. These results indicated that ML5 
could decrease MPTP-induced neurotoxicity 
and exert a significant protective effect on 
neurons.

ML5 enhanced TH+ neurons and ChAT expres-
sion in SN and striatum of mice with PD: 
Damage of dopaminergic neurons in SN is con-
sidered as a characteristic pathogenic change 
of PD [20]. TH immunohistochemical staining 
(Figure 2A and 2B) revealed an abundance and 
dense arrangement of TH+ neurons in the SN of 
the control group. The number of TH+ neurons 
in SN was significantly reduced in the model 
group, and the arrangement of TH+ neurons 
was sparse. After treatment with L-Dopa and 
ML5, the number of neurons in SN was drasti-
cally elevated, and the arrangement of TH+ neu-
rons was improved.
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Neurons in SN transport dopamine to the stria-
tum through the SN-striatum circuit [21]. TH 
immunohistochemical staining of the striatum 
was similar to that of the SN. A densely arranged 
TH nerve fibers in the striatum and brown color 
were observed in the control group. In the 
model group, TH nerve fibers were sparse with 
a rather light color (Figure 2C). Statistical analy-
sis also showed that TH nerve fibers’ density in 
the striatum of the model group was drastically 
decreased. However, this decrease was dra-
matically improved by L-Dopa, as well as 5 mg/

kg and 20 mg/kg ML5 administration (Figure 
2D). The immunohistochemical staining analy-
sis demonstrated that the model group showed 
a considerably reduced ChAT expression com-
pared to the control group. Notably, obvious 
restoration of ChAT expression in the striatum 
was discovered in the three treated groups 
(Figure 2E and 2F).

ML5 improved the levels of dopamine in the 
striatum of PD mice: With the loss of TH neu-
rons, we observed a decreased striatal dopa-

Figure 1. ML5 improved the pole test and forced swimming test in MPTP-treated mouse models of PD. (A) Experi-
mental protocol of mouse models of PD. (B) Structure of compound ML5. (C, D) The graph showed the time used 
by mice to turn completely and climb down the pole. (E) Time during which mice remained immobile during the last 
4 min. (F) SH-SY5Y cells were treated with ML5 for 24 h. (G) SH-SY5Y cells were treated with ML5 (0.01, 0.1, and 1 
μΜ) for 2 h before being exposed to MPP+ (1 mM) for 24 h. (H-K) Typical images of Nissl staining and quantification 
of Nissl-positive cells in the regions of SN and striatum (the magnified areas of the above images were shown in the 
lower images; both of the scale bars represented 100 μm). n = 10 in (C-E) n = 6 in (F and G), and n = 4 in (H-K). # 
and ### represented the p-values less than 0.05 and 0.001 compared to the control group; * and ** represented 
the p-values less than 0.05 and 0.01 compared to the model group.
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mine and its metabolites. An almost 70% 
decrease of dopamine was discovered in the 
MPTP-damaged model group. Of note, a reduc-
tion of only 40-50% was observed after treat-
ment with 20 mg/kg of ML5 (Figure 2G). 
Furthermore, the concentrations of DOPAC  
and HVA in the striatum of the model group 
were also decreased. In contrast, these levels 
increased after treatment with L-Dopa and ML5 
(Figure 2H and 2I).

ML5 alleviated mitochondrial dysfunctions and 
protected mitochondrial morphology and the 
number of MPP+-induced SH-SY5Y cells

ML5 increased the contents of ATP and MMP 
and reduced oxidative stress in MPP+-induced 
SH-SY5Y cells: To supply energy for cellular life 
processes, mitochondria synthesize ATP th- 
rough oxidative phosphorylation and the dys-
function of mitochondria could lead to de- 

Figure 2. ML5 protected against damage of TH neurons in MPTP-induced mouse models of PD. (A, B) Representa-
tive images of TH staining and quantification of TH+ cells in SN regions from PD mice (the magnified areas of the 
above images were shown in the lower images; both of the scale bars represented 100 μm). (C-F) Representative 
images of TH and ChAT staining and quantification of positive density in the striatum regions from PD mice (the mag-
nified areas of the above images were shown in the lower images; both of the scale bars represented 100 μm). (G-I) 
The concentrations of dopamine, DOPAC, and HVA in the striatum of mice. n = 3 in (A-F), and n = 4 in (G-I). ## and 
### represented the p-values less than 0.01 and 0.001 compared to the control group; *, **, and *** represented 
the p-values less than 0.05, 0.01, and 0.001 compared to the model group. 
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creased ATP production [22]. As shown in 
Figure 3A, MPP+-stimulated SH-SY5Y cells had 
significantly lower ATP levels than control cells. 
In contrast, ATP levels were significantly higher 
in cells treated with ML5 versus control cells 
treated with MPP+ alone; statistically significant 
differences were observed after treatment with 
0.05 μM and 0.1 μM ML5.

A considerably elevated ROS content in  
the model group was observed in compari- 
son to the non-treated cells (Figure 3B). 
Similarly, the model group had a greater  
fluorescence value than the control group 
(Figure 3D). Never-theless, treatment with  

ML5 (0.01, 0.05, and 0.1 μM) effectively allevi-
ated the excessive oxidative stress induced by 
MPP+.

JC-1 is commonly used to measure MMP, which 
is indicated by red fluorescence/green fluores-
cence. As shown in Figure 3C and 3E, there 
was a significant loss of MMP in cells treated 
with MPP+ (1 mM). However, the MMP levels 
were elevated in cells treated with ML5 (0.1 
μM) versus SH-SY5Y cells treated with MPP+ 
alone. These results suggested that ML5 pro-
tected the MMP and oxidative phosphorylation 
in MPP+-induced cells while reducing oxidative 
stress.

Figure 3. ML5 protected cell viability, ATP, ROS, and MMP levels in SH-SY5Y cells from MPP+-induced damage. (A) 
ATP product detected using a bioluminescence assay kit. (B) Relative ROS levels measured through flow cytometry. 
(C) MMP was determined by a JC-1 detection kit. (D, E) Representative ROS and MMP images were captured by a 
fluorescence microscope (the scale bar represented 100 μm). n = 6 in (A-E). # represented the p-value less than 
0.05 representatively compared to the control group; *, **, and *** represented the p-values less than 0.05, 0.01, 
and 0.001 compared to the model group.
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ML5 protected morphology and number of 
mitochondria in SH-SY5Y cells after MPP+ stim-
ulation: As indicated in Figure 4A, mitochondria 
in the control cells had complete and longline 
shapes and were densely arranged and distrib-
uted around the nucleus. Nevertheless, in the 
cells of the model group, the mitochondria were 
separated and sparsely arranged. In compari-
son to the control group, the model group 
showed markedly low form factor (Figure 4B), 
indicating more fragmented mitochondria in 
the MPP+-stimulated cells. In addition, dramati-
cally reduced average mitochondrial number 
was discovered in the model group compared 
to the non-treated control cells (Figure 4C). 
Nevertheless, the reduced number of mito-
chondria was partially restored by ML5 admin-
istration with different doses.

Next, the mitochondrial morphology of SH- 
SY5Y cells was further investigated through 
TEM. As shown in Figure 4D, compared with 
control, the MPP+-treated mitochondria were 
divided into smaller mitochondria; some mito-
chondria showed pathological morphologies, 
such as incomplete membrane, enlarged gap, 
and swollen volume. Nevertheless, this patho-
logical condition was significantly improved 
after treatment with ML5. Mitochondrial stere-
ology was used to analyze mitochondrial num-
ber density, mitochondrial surface density, and 
mitochondrial volume density. The findings con-
firmed that ML5 preserved the mitochondrial 
morphology and network, and delayed mito-
chondrial fission (Figure 4E-G). These results 
suggested that ML5 protected mitochondrial 
network morphology from the stimulation of 
MPP+.

ML5 mediated the biogenesis of mitochondria 
through enhancing AMPK/PGC-1α activation 
and regulated the fusion and fission of mito-
chondria

ML5 mediated mitochondrial biogenesis by 
activating the AMPK/PGC-1α signaling path-
way: The above experiments demonstrated 
that ML5 promoted the recovery of mitochon-
drial function and morphology. Additionally, the 
regulatory effect of AMPK pathway on the bio-
genesis of mitochondria was also observed 
previously [23]. Thus, we explored the signaling 
pathways connected to the neuroprotective 
impact of ML5 in MPP+-induced SH-SY5Y cells. 

The results showed that treatment with MPP+ 
dramatically suppressed the phosphorylation 
of AMPK in SH-SY5Y cells (Figure 5A). In con-
trast to the model group, AMPK phosphoryla-
tion was upregulated in the ML5 (0.05 μM and 
0.1 μM) treatment groups. This finding con-
firmed that treatment with ML5 activated  
the AMPK pathway in MPP+-stimulated cells. 
Activation of AMPK further regulated down-
stream signals SIRT1 and PGC-1α (Figure 5B 
and 5C). SIRT1 and PGC-1α expressions were 
both considerably lower after treatment with 
MPP+ versus control; nevertheless, three doses 
of ML5 treatments significantly enhanced the 
impaired SIRT1 and PGC-1α expression by 
MPP+.

We have previously found [14] that ML5 pro-
motes the translocation of NRF2 into the nucle-
us, while it is unclear whether ML5 affects the 
expression of total NRF2 and its target genes. 
Activation of the NRF2 pathway and induction 
of antioxidant enzymes triggered a protective 
mechanism against mitochondrial damage. A 
reduction of NRF2, TFAM, HO-1, and NQO-1 
expression in MPP+-induced SH-SY5Y cells was 
found compared to the control cells. Never- 
theless, this MPP+-induced reduction was sig-
nificantly restored by ML5 administration, sug-
gesting the regulatory effect of ML5 on the bio-
genesis of mitochondria through enhancing 
AMPK pathway activation (Figure 5D-G).

ML5 enhanced mitochondrial fusion and pre-
vented mitochondrial fission: The expression of 
the molecules associated with the fission and 
fusion of mitochondria is regulated by the 
AMPK signaling pathway [24]. In mammals, 
Mfn1 and Mfn2 play a major role in mediating 
mitochondrial outer membrane fusion, while 
Opa1 plays a major role in mediating mitochon-
drial inner membrane fusion [25]. Additionally, 
Fis1 and Drp1 are significantly involved in the 
regulation of mitochondrial fission. Thus, we 
investigated the expression levels of these pro-
teins using MPP+-induced SH-SY5Y cells. In 
comparison to the control, the model group 
exhibited significantly reduced Mfn1, Mfn2, 
and Opa1 expression, and elevated Fis1 and 
Drp1 expression. After treatment with ML5,  
the imbalance in mitochondrial fusion and fis-
sion was greatly reduced, as presented by an 
increase in Mfn1, Mfn2, and Opa1 expression, 
and a decrease in Drp1 and Fis1 expression 
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Figure 4. Effect of ML5 on mitochondrial morphology of cells with MPP+-induced damage. (A) The morphology of 
mitochondria in SH-SY5Y cells assessed using a confocal microscope (the magnified areas of the above images of 
the white boxes were shown in the lower images; the scale bars represented 10 μm). (B, C) Form factor and the 
number of mitochondria determined using the ImageJ software. (D) The morphology of mitochondria in SH-SY5Y 
cells assessed using a TEM (the magnified areas of the above images of the white boxes were shown in the lower 
images; the scale bars represented 2 μm and 0.5 μm respectively). (E) Mitochondrial number density, (F) mitochon-
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(Figure 5H-L). These results demonstrated that 
ML5 might regulate the equilibrium between 
mitochondrial fusion and fission by activating 
the AMPK signaling pathway.

Neuroprotective effect of ML5 in MPP+-
stimulated SH-SY5Y cells required activation  
of AMPK: As a potent and selective ATP-
competitive AMPK inhibitor, dorsomorphin 
(compound C) is employed [26]. Dorsomorphin 
at different concentrations was used to induce 

injury to SH-SY5Y cells. We observed that dor-
somorphin administration could dramatically 
impair cell viability, and the most pronounced 
effect was caused by 5 μM dorsomorphin 
(Figure 6A). Following the treatment of cells 
with dorsomorphin for 30 min, 2-hour protec-
tion of the cells with 0.1 μM ML5, and 24-hour 
damage with 1 mM MPP+ were performed. The 
viability of cells was significantly decreased 
after exposure to MPTP compared with control, 
while treatment with 0.1 μM ML5 restored cell 

drial surface density, and (G) mitochondrial volume density determined using the Image-Pro Plus 6.0 software. n = 4 
in (A-C), and n = 3 in (D-G). ## and ### represented the p-values less than 0.01 and 0.001 compared to the control 
group; *, **, and *** represented the p-values less than 0.05, 0.01, and 0.001 compared to the model group.

Figure 5. Impact of ML5 on the expression of AMPK signaling pathway and the proteins related to mitochondrial 
fusion/fission in cell models of PD. (A-C) Representative blots showing the expression of AMPK, SIRT1, and PGC-1α 
in SH-SY5Y cell models. (D-G) Representative blots showing the expression of NRF2, TFAM, HO-1, and NQO-1 in SH-
SY5Y cell models. (H-L) Representative blots representing the expression of fusion-related proteins (Mfn1, Mfn2, 
and Opa1) and fission-related proteins (Drp1 and Fis1) in SH-SY5Y cells after pretreatment with ML5 and stimula-
tion by MPTP. n = 3-6 in (A-L). #, ##, and ### represented the p-values less than 0.05, 0.01, and 0.001 compared 
to the control group; *, **, and *** represented the p-values less than 0.05, 0.01, and 0.001 compared to the 
model group.
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viability. Notably, preconditioning with dorso-
morphin inhibited the efficacy of ML5 (Figure 
6B).

In addition, western blotting analysis showed 
that treatment with MPTP drastically reduced 
PGC-1α expression. The expression of PGC-1α 
was elevated in 0.1 μM of ML5 treatment group 
compared with the model group, though the 
expression of PGC-1α was significantly inhi- 
bited by treatment with 5 μM dorsomorphin 
(Figure 6C).

Discussion

MPTP could be driven by mitochondrial mem-
brane potential and diffuse into the mitochon-
dria through the inner mitochondrial mem-
branes. Studies showed that MPTP could inhibit 
the activity of not only complex I, but also com-
plex III and IV [27]. MPTP could hinder the pro-
duction of ATP, induce excessive ROS, and 
eventually lead to neuronal death. Moreover, 
MPTP could induce autonomic dysfunction in 
vivo, with decreased TH activity, and severely 
depleted dopamine levels in the striatum, simi-
lar to the clinical symptoms and pathological 
changes of PD [28]. Therefore, MPTP could be 
used to build PD models in vivo.

Dyskinesia is the major clinical feature of PD. 
The pole test can be used to reflect the motor 

coordination and agility in mice [29]. Therefore, 
it is highly sensitive to dysfunction of the SN 
and striatum. In this study, we observed that in 
comparison to the control group, the model 
group showed dramatically prolonged turning 
time and total time, demonstrating that MPTP 
damaged the motor coordination of mice. 
Treatment with low and high-dose ML5 exerted 
a similar therapeutic effect to that of L-Dopa. 
Depression is the main non-motor symptom of 
PD, affecting nearly 40% of patients with PD 
[30]. The forced swimming test directly reflects 
the depressive symptoms and, to a certain 
extent, the motor ability of mice with PD [31]. 
Our results revealed that compared to the  
control mice, PD mice needed more time for 
immobility, suggesting that MPTP successfully 
induced depressive symptoms in mice. Addi- 
tionally, the forced swimming test of PD mice 
was significantly improved by ML5 either a low 
or a high dose, and the effect was similar to 
that exerted by treatment with L-Dopa. This 
result showed that ML5 could alleviate the 
depression of mice with PD and confirmed the 
results of the pole test.

The survival and level of dopaminergic neurons 
in the SN and striatum were detected using 
Nissl and immunohistochemistry staining. 
Similar to previously reported results [32], the 
present data showed that mice in the model 

Figure 6. Preconditioning with the AMPK inhibitor dorsomorphin reversed the neuroprotective effect of ML5. (A) SH-
SY5Y cells were treated with dorsomorphin for 24 h. (B) SH-SY5Y cells were treated with 5 μΜ dorsomorphin for 30 
min; this was followed by the addition of 0.1 μΜ ML5 for 2 h and exposure to 750 μΜ MPTP for 24 h. (C) Represen-
tative blot representing PGC-1α expression was performed using the treatment method mentioned above. n = 6 in 
(A-C). ### represented the p-value less than 0.001 compared to the control group; * represented the p-value less 
than 0.05 compared to the model group; $$ and $$$ represented the p-values less than 0.01 and 0.001 compared 
to the ML5 treated group.
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group lost >60% of the SN and striatum dopa-
mine neurons, implying that MPTP successfully 
induced the pathological characteristics of PD 
in mice. Sconce et al. [33] reported that exten-
sive dopamine loss was associated with a 
decline in movement ability, which was also 
consistent with the evidence obtained through 
behavioral tests. Treatment with ML5 could sig-
nificantly alleviate these symptoms, reaching 
approximately 70% of the effect exerted by the 
positive drug L-Dopa.

Although the single neurotransmitter loss is 
considered as the pathogenesis of PD, this type 
of loss can affect other neurotransmitter sys-
tems. The degeneration of SN in PD can lead to 
increased cholinergic tone in the striatum, 
thereby impairing the nerve transmission of 
basal ganglia, and leading to motor symptoms 
in patients with PD [34]. ChAT is a marker 
enzyme for cholinergic neurons. In this study, 
dramatically reduced ChAT expression was 
observed in the striatum after MPTP stimula-
tion, suggesting that the mechanism of MPTP-
induced PD might include its effect on the cho-
linergic system. Our results were consistent 
with those previously reported by Hilario, et al. 
[35] and Pienaar, et al. [36]. Moreover, autopsy 
also showed obviously reduced ChAT expres-
sion in PD patients [37]. Treatment with ML5 
could significantly reverse the damage induced 
by MPTP to the cholinergic system in the stria-
tum. Combined with the immunohistochemical 
results of TH, ML5 could simultaneously regu-
late both dopaminergic and cholinergic disor-
ders in the SN and striatum, facilitating the res-
toration of the balance between dopamine and 
acetylcholine levels and exerting a therapeutic 
effect against PD.

In dopaminergic neurons, tyrosine is catalyzed 
to L-Dopa by TH, which is subsequently decar-
boxylated by aromatic amino acid decarboxyl-
ase to produce dopamine. Dopamine is further 
catalyzed by monoamine oxidase to produce 3, 
4-dihydroxyphenylacetaldehyde which, in the 
presence of aldehyde dehydrogenase, produc-
es DOPAC. Thereafter, DOPAC can be converted 
to HVA by catechol-O-methyl transferase meth-
ylation [38]. Our results demonstrated that the 
levels of dopamine, DOPAC, and HVA were 
decreased by MPTP induction, and these 
changes were partially prevented after treat-
ment with L-Dopa and ML5, suggesting that 

ML5 protects dopaminergic neurons from 
injury.

Normal mitochondrial activity is essential for 
the survival of neurons. The dysfunction of 
mitochondria is significantly connected to the 
early symptoms of numerous neurodegenera-
tive disorders. Clinical studies have shown that 
the activity of complex I was dropped by 
30-40% in the SN of patients with PD, and vari-
ous therapies targeting mitochondrial dysfunc-
tion have exerted protective effects on animal 
models of PD [39]. We detected the concentra-
tion of ATP, ROS, and MMP to determine wheth-
er the protective impact of ML5 on PD cell mod-
els was related to the repair of mitochondrial 
dysfunction. Destruction of the mitochondrial 
respiratory chain affects mitochondrial respira-
tory function and reduces ATP production, 
which in turn causes electron leakage and ROS 
accumulation. Excessive production of ROS 
damages the mitochondrial respiratory chain, 
thus creating a vicious circle. MMP is a prereq-
uisite for mitochondrial oxidative phosphoryla-
tion; its absence causes an imbalance in Ca2+ 
homeostasis, further damaging the activity of 
mitochondrial respiratory chain enzymes [40]. 
Our results indicated that ROS levels were ele-
vated, whereas those of ATP and MMP were 
decreased in cell models of PD. Treatment with 
ML5 restored the levels of these three indica-
tors of mitochondrial function, suggesting that 
ML5 could protect mitochondrial functions in 
this setting.

Eukaryotic cells maintain a normal shape and a 
certain number of mitochondria by balancing 
mitochondrial fusion and fission. Mitochondrial 
dynamics affect mitochondrial morphology and 
the physiological functions of mitochondria, 
such as the maintenance of Ca2+ homeostasis, 
ATP production, ROS level, and apoptosis. Evi- 
dence showed [41] that abnormal mitochondri-
al morphology preceded mitochondrial dys-
function. Therefore, the mitochondrial morphol-
ogy of PD cell models was observed and ana-
lyzed to explore whether the role of ML5 in pro-
tecting mitochondrial function was related to 
mitochondrial dynamics. The results revealed 
that mitochondria in PD cell models were 
severely fragmented and tended to divide 
excessively, which was consistent with previous 
results reported in the literature [42]. Treatment 
with ML5 increased the length of mitochondria 
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and alleviated the degree of fragmentation, 
indicating that ML5 could help maintain the 
normal shape of mitochondria.

As a complex composed of α, β, and γ subunits, 
AMPK can activate PGC-1α by regulating the 
NAD+/NADH ratios to activate SIRT1, which 
induces mitochondrial biogenesis [43]. PGC-1α 
significantly participates in the promotion of 
mitochondrial genes expression through coor-
dinating with the nuclear hormone receptors 
and activating kinds of transcriptional factors. 
Research has demonstrated that PGC-1α  
could enhance the biogenesis of mitochondria 
through activating NRF2 transcription and 
increasing TFAM expression [44]. To confirm 
whether mitochondrial fragmentation was re- 
lated to mitochondrial biogenesis in PD cell 
models, we measured AMPK and its down-
stream molecules expression. Our findings 
demonstrated that AMPK, SIRT1, PGC-1α, 
NRF2, and their downstream protein expres-
sion was remarkably suppressed after stimula-
tion of MPTP. Importantly, protection with ML5 
restored the levels of these proteins. The above 
results implied that ML5 could enhance the 
biogenesis of mitochondria through enhancing 
AMPK/PGC-1α expression, thereby restoring 
mitochondrial morphology and function.

Subsequently, we analyzed Mfn1, Mfn2, Opa1, 
Drp1, and Fis1 expression to elucidate the 
molecular mechanism by which ML5 affected 
mitochondrial fusion and fission. We observ- 
ed that MPP+ treatment could significantly 
reduce mitochondrial fusion-associated factors 
expression, such as Mfn1, Opa1, and Mfn2. In 
contrast, the protein levels of Drp1 and Fis1, 
which regulate mitochondrial fission, were ele-
vated by MPP+. These findings implied that the 
mitochondrial fusion activity was decreased 
and the fission activity was increased in the 
MPTP-induced model group. Combined with 
the experimental results of mitochondrial func-
tional indicators, the results of our study sup-
ported the conclusions of previous research 
[45] reporting that decreased Mfn2 levels  
led to decreased ATP synthesis, Drp1 overex-
pression, and oxidative stress. In contrast, ML5 
successfully reversed the aberrant expression 
of these five proteins, which was consistent 
with our observations in morphological experi-
ments. These results suggested that ML5 
could restore the unbalance between mito-

chondrial fusion and fission by promoting fusion 
and inhibiting fission of mitochondria to main-
tain normal mitochondrial morphology.

Moreover, Guo, et al. [46] reported that the 
overexpression of PGC-1α induced by high glu-
cose levels led to reduced phosphorylation of 
Drp1 and improved mitochondrial fragmenta-
tion. In our experiments, we also demonstrated 
that PGC-1α expression was upregulated and 
the expression of Drp1 was down-regulated 
after protection with ML5. Therefore, we specu-
lated that through promoting PGC-1α expres-
sion, ML5 could effectively balance the fission 
and fusion of mitochondria. To further prove 
the involvement of AMPK, we used the AMPK 
inhibitor dorsomorphin to restrain the AMPK-
mediated activation of PGC-1α. The results 
showed that pretreatment with dorsomorphin 
reduced the viability of cells and PGC-1α 
expression after protection with ML5, indicat-
ing that PGC-1α was regulated by AMPK. 
Therefore, ML5 exerted neuroprotective effects 
by enhancing AMPK/PGC-1α pathway activa-
tion (Figure 7).

Conclusion

Collectively, our results suggest that ML5 can 
mediate PGC-1α expression through promoting 
AMPK pathway activation and balancing mito-
chondrial biogenesis and fusion/fission, thus 
restoring the function of mitochondria in cellu-
lar models. Furthermore, ML5 ameliorates 
MPTP-induced motor dysfunction and allevi-
ates dopaminergic neuronal degeneration in 
mouse models of PD, thereby exerting a neuro-
protective effect. These findings may shed a 
light on the underlying mechanisms of the 
course of PD and assist in the development of 
potentially therapeutic drugs.
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