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Background: Parkinson’s disease (PD) is a progressive neurodegenerative disorder. PD patients mostly exhibit mitochondrial 
dysfunction and autophagic impairment. Asiatic acid (AA) is a triterpenoid with the highest antioxidant activity used to treat oxidative 
stress. It has been found to have a neuroprotective effect against mitochondrial dysfunction in cellular models of PD; however, its 
effect on autophagy has not been investigated.
Purpose: This study aimed to investigate whether AA affects autophagy in a cellular model of PD.
Methods: SH-SY5Y cells were differentiated into dopaminergic neuron-like cells via retinoic acid administration. Differentiated cells 
were treated with AA for 24 h and then exposed to 1-methyl-4-phenylpyridinium (MPP+). Cell viability was assessed using a 3-(4, 
5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay. The expression of microtubule-associated protein 1 light chain 
3 (LC3)-II/I, Beclin-1, sequestosome-1/ubiquitin-binding protein p62 (SQSTM1/p62), and tyrosine hydroxylase (TH) was analyzed via 
Western blot. Caspase-3/7 and LC3 expression was measured using immunofluorescence, as was the colocalization of LC3 and 
mitochondria. MitoTracker and JC-10 were used to assess the mitochondrial morphology and mitochondrial membrane potential 
(ΔΨm), respectively.
Results: Pretreating cells with AA before MPP+ exposure resulted in significantly higher expression of LC3-II/I and Beclin-1, while 
the expression of SQSTM1/p62 was slightly lower compared to that in cells not pretreated with AA. Cells pretreated with AA 
exhibited significantly higher viability and TH expression, but significantly lower caspase-3/7 expression and numbers of apoptotic 
nuclei compared to cells treated with MPP+ alone. Notably, pretreatment with AA resulted in tubular mitochondria with considerably 
higher ΔΨm values. The colocalization of LC3 and mitochondria was also significantly higher in the cells pretreated with AA.
Conclusion: AA protected dopaminergic neuron-like cells against MPP+-induced apoptosis via the induction of autophagy and the 
enhancement of mitochondrial function, suggesting that it could be developed as a therapeutic agent for PD.
Keywords: asiatic acid, dopaminergic neuron-like cells, autophagy, mitochondria, mitophagy

Introduction
At the global level, Parkinson’s disease (PD) is the most prevalent neurodegenerative disorder that results in impaired 
motor functions. Approximately 1% of individuals over 60 years old are diagnosed with PD, and patients with PD 
experience significant distress due to bradykinesia, tremor, rigidity, and postural instability.1 The neuropathological 
changes that occur in PD are characterized by dopaminergic neuronal loss followed by the accumulation of Lewy bodies 
in cell bodies and neurites, with aggregated α-synuclein being the main protein component.2 It has been reported that α- 
synuclein may have a neurotoxic effect by interrupting protein trafficking or interfering with mitochondrial activities and 
autophagy.3
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Autophagy is the process cells use to degrade defective cellular components via lysosomes. It plays important roles in 
cell proliferation, survival, and death. In the context of this study, the autophagic functions that neurons and glial cells 
perform help maintain homeostasis in the central nervous system. If autophagy in these cells is impaired, toxic proteins 
(eg, α-synuclein) may accumulate, and the clearance of abnormal mitochondria may be reduced, which can lead to 
oxidative stress, a key stimulator of PD. Therefore, autophagy is a potential target for PD treatment.4

Pharmacological research has shown that bioactive compounds from medicinal plants have beneficial effects on PD, 
improving mitochondrial function and decreasing oxidative stress.5 One such bioactive compound is asiatic acid (AA), 
a natural pentacyclic triterpenoid found in Centella asiatica.6 C. asiatica, also known as “gotu kola”, is a tropical 
medicinal plant found in South Asian countries (eg, Sri Lanka, India, Malaysia, and Indonesia), as well as China, South 
Africa, and Madagascar.7 C. asiatica has been shown to have beneficial properties, such as wound-healing, anti- 
inflammatory, antimicrobial, anticancer, antioxidant, and neuroprotective effects.8 Among its bioactive constituents, 
AA is the aglycone form of asiaticoside. It has emerged as a compound of great interest. AA has demonstrated potential 
in various pharmacological activities, including anti-inflammatory, anti-oxidative stress, and regulates apoptosis that 
provides its therapeutic effects in numerous diseases such as nootropic, neuroprotective, cardioprotective, antihyperten
sive, antimicrobial, and antitumor activities.6,9

In a similar manner, asiaticoside has previously shown to have wound healing effects,10,11 anti-inflammatory 
effects,12 promotes liver protective activity,13 and neuroprotective effects by ameliorated cognitive impairment and 
neurotoxicity in vivo.14 The studies have found that AA attenuates tubular injury and fibrosis in Diabetic nephropathy 
(DN). Similarly, asiaticoside also improves DN by attenuating inflammation, oxidative stress, and fibrosis through the 
NRF2/heme oxygenase-1 (HO-1) antioxidant pathway.15 Asiaticoside and AA protected kidney function and alleviated 
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kidney inflammation and fibrosis of DN, which mechanically reduced podocyte damage by autophagic activation.16 

Asiaticoside and AA have exerted excellent anti-oxidative and anti-inflammatory properties. However, the differences 
and effects of these two bioactive compounds on autophagy require further evaluation.

In addition, AA as a predominant bioactive compound in the systemic exposure showed a good correlation to 
alleviate neurodegenerative and inflammatory metabolomes in these large mammal species.17,18 In comparison to four 
triterpenes, AA also exhibited the highest viability on fibroblast cells that were exposed to oxidative stress induced by 
ultraviolet B irradiation.19 In another study, AA exhibited the mitochondrial membrane potential (ΔΨm), and modulating 
the expression of Bcl-2, Bax, and caspases in SH-SY5Y cells.20 Previous study showed that AA enhanced the ratio of 
microtubule-associated protein 1 light chain 3 (LC3)-II to LC3-I in lung carcinoma epithelial cells, indicating that 
autophagy occurred. They also found that treating cells with an autophagic inhibitor and chloroquine increased AA- 
induced cell death, suggesting that autophagy plays a role in the protective effect of AA.21 However, a previous study 
conducted in a mouse myocardial ischemia–reperfusion injury model indicated that AA decreased p38 and Beclin-1 
phosphorylation and the ratio of LC3-II to LC3-I, which are markers of autophagy.22

Despite these findings, the effect of AA on autophagy in a PD cellular model has not been investigated. Therefore, in 
this study, we aimed to investigate the neuroprotective effect of AA on various indicators of autophagy and the 
underlying pathway related to apoptosis in 1-methyl-4-phenylpyridinium (MPP+)-treated dopaminergic neuron-like 
cells to develop a novel therapeutic approach against PD.

Materials and Methods
Chemicals and Reagents
AA purity 97% (Batch No. MKCK5217) was purchased from Sigma-Aldrich, China. Ham’s F-12 Nutrient Mixture 
(F-12), minimum essential medium (MEM), fetal bovine serum (FBS), penicillin-streptomycin, and amphotericin B were 
acquired from GIBCO Life Technologies (NY, USA). The following compounds were acquired from Sigma-Aldrich 
(MO, USA): all-trans-retinoic acid (RA), dimethyl sulfoxide (DMSO), and MPP+. All other reagents were obtained from 
commercial suppliers.

Cell Culture and Differentiation
The human neuroblastoma SH-SY5Y cell line was purchased from the American Type Culture Collection CRL-2266 
(Manassas, VA, USA). Cells were grown as a monolayer at 37°C in a humidified atmosphere containing 5% CO2 in a 1:1 
mixture of MEM and F-12 culture medium supplemented with 10% FBS, 100 units/mL penicillin–streptomycin, and 
5 mL/L amphotericin B. The SH-SY5Y cells were subcultured at 90% confluence in 6-well plates (NY, USA). To 
differentiate the SH-SY5Y cells into dopaminergic neuron-like cells, the medium was replaced with MEM and F-12 
culture medium (1:1 ratio) containing 1% FBS and 10 µM RA, and the cells were cultured for three days.

Cell Treatment
Differentiated SH-SY5Y cells were divided into four groups—the control, AA, MPP+, and AA+MPP+ groups—to 
examine the neuroprotective effect of AA against MPP+-induced PD in a cellular model. The cells in the AA and AA 
+MPP+ groups were treated with 10 nM AA, which was included in the culture medium. The cells in the control and 
MPP+ groups were treated with the same volume of culture medium. The cells were treated for 24 h. Then, 1500 µM 
MPP+ was administered to the cells in the MPP+ and AA+MPP+ groups. An equal volume of distilled water was applied 
to the cells in the AA and control groups. The cells were treated with MPP+ for 24 h and then harvested for use in the 
experiments.

Measurement of Cell Viability
A 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay was employed to assess cell viability. In 
this assay, cells were added to 96-well plates at 20,000 cells/well, MTT solution was then added, and the cells were 
incubated at 37°C for 3 h. The culture medium was substituted with DMSO, and the cells were incubated for 15 min to 
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dissolve the dark blue formazan crystals. The absorbance was measured at 570 nm using a microplate reader (BioTek 
Synergy Neo2). The data are presented as a percentage relative to the untreated control group. Each experiment was 
conducted at least three times.

Western Blotting Analysis
After the cells were treated, they were lysed using a lysis buffer containing 1% protease inhibitor. They were then kept on 
ice for 20 min before being centrifuged at 12,000 rpm at 4°C for 20 min. The supernatants were collected, and the protein 
quantities were assessed using a BCA Protein Assay Kit (Thermo Fisher Scientific, MA, USA). For each sample, 
30–40 µg of protein was applied to a precast sodium dodecyl sulfate-polyacrylamide gel with a gradient of 4–15%, and 
electrophoresis was then performed. The proteins were then transferred onto a nitrocellulose membrane (Bio-Rad). The 
membranes were blocked with a solution containing 5% skim milk in Tris-buffered saline with 0.1% Tween 20 for 
2 h. The membranes were exposed to primary antibodies specific to the following proteins in blocking buffer overnight: 
tyrosine hydroxylase (TH; rabbit pAb, ABclonl, A0028; 1:1000 dilution), LC3B (mouse mAb, ABclonl, A17424; 1:1000 
dilution), phospho-Beclin-1 (rabbit pAb, ABclonal, AP1287; 1:500 dilution), sequestosome-1/ubiquitin-binding protein 
p62 (SQSTM1/p62; rabbit mAb; ABclonal, A11483; 1:1000 dilution), and β-actin (Abcam, #ab6276; 1:1000 dilution). 
Subsequently, the membranes were subjected to incubation with a horseradish peroxidase-conjugated antibody (Cell 
Signaling, #7077; 1:5000 dilution) in a blocking buffer at room temperature for 2 h. The immunoreactivity of the proteins 
was visualized using ECL chemiluminescent reagents (UVITEC, Cambridge, UK) in accordance with the manufacturer’s 
instructions. The immunoblot density was measured using ImageJ software (National Institute of Health, MD, USA).

Immunocytochemistry
Cells were seeded onto circular coverslips coated with poly-d-lysine (GIBCO, Thermo Fisher Scientific, USA) in a 24- 
well plate. Following each experiment, the cells were fixed by exposure to 4% paraformaldehyde in phosphate-buffered 
saline (PBS) for 15 min at room temperature. Subsequently, they were permeabilized using 0.25% Triton-X-100 in PBS. 
Nonspecific binding was inhibited by applying a solution containing 1% bovine serum albumin, 10% normal goat serum, 
and 0.3% glycine in PBS with 0.1% Tween. The immunocytochemistry staining procedure involved incubating the slides 
with primary antibodies specific for TH, microtubule-associated protein 2 (MAP2), synaptophysin, and LC3B. The 
incubations were performed in a dark humidity box at 4°C overnight. The slides were then treated with secondary 
antibodies. Ultimately, the cells were rinsed with PBS and mounted using VECTASHIELD antifade mounting medium 
with 4′,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories). An LSM 900 Airyscan 2 confocal fluorescence 
microscope (ZEISS) was used to acquire the images.

Mitochondrial Staining
SH-SY5Y cells were cultured and induced to differentiate on round coverslips placed in 24-well plates. Following the 
cell treatment, the cells were exposed to MitoTracker Red CMXRos (Cell Signaling, #9082) in culture medium for 
30 min at 37°C in a 5% CO2 incubator. Subsequently, the cells were fixed in cold methanol at –20°C for 15 min and 
washed three times with PBS (5 min per wash). Mitochondria were observed using an LSM 900 Airyscan 2 confocal 
fluorescence microscope (ZEISS).

Measurement of Δψm
The ΔΨm was quantified using the JC-10 ΔΨm assay kit (ab112134, Abcam) and a microplate reader. SH-SY5Y cells 
were distributed into 96-well plates at 20,000 cells/well. After the cells were treated, the culture medium was extracted, 
the JC-10 dye loading solution was added, and the cells were incubated for 30 min at 37°C in a 5% CO2 incubator. Then, 
50 µL of assay buffer B was added to each well. A Cytation 5 Imaging Reader (Biotek) was used to detect the 
fluorescence intensity at 515 and 570 nm (green monomeric and red aggregated forms, respectively).
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Apoptotic Nuclear Staining
Apoptotic nuclei were identified using DAPI nuclear labeling. SH-SY5Y cells were placed onto round glass coverslips in 
24-well plates. Following the treatment of the cells in each experiment, the culture medium was extracted, and the cells 
were rinsed with PBS. Subsequently, the cells were treated with 4% paraformaldehyde for 15 min at room temperature to 
immobilize them, and they were then permeabilized with 0.25% Triton-X-100 in PBS. The cells were rinsed with PBS 
and then coated with VECTASHIELD Antifade Mounting Medium containing DAPI (Vector Laboratories) to analyze the 
structure of both healthy and apoptotic nuclei. Nuclei were visualized using an LSM 900 Airyscan 2 confocal 
fluorescence microscope (ZEISS).

Measurement of Caspase-3/7 Activity
The CellEvent Caspase-3/7 Green ReadyProbes Reagent (R37111, Invitrogen) was used to measure caspase-3 and 
caspase-7 activity. Cells were placed in 6-well plates and treated, and then the culture medium was extracted. Next, 
the cells were cultured in the presence of the reagent (2 drops/mL) in a culture medium containing 5% FBS for 30 min at 
37°C in a CO2 incubator with a 5% CO2 concentration. Living cells (green fluorescence) were visualized using an Axio 
version A1 inverted fluorescent microscope (ZEISS). At least 12 fields were viewed before intensity was calculated.

Statistical Analysis
Data are reported as the mean ± standard error of the mean (SEM). The studies were conducted independently, with 
a minimum of three repetitions. The statistical significance of the data was tested using a one-way analysis of variance 
(ANOVA) with post hoc Tukey’s multiple comparison tests. An unpaired t-test was used to compare the expression of 
TH, MAP2, and synaptophysin in the undifferentiated and differentiated cells. The statistical analysis was conducted 
using GraphPad Prism software. Statistical significance was attributed to a p-value < 0.05.

Results
Evaluation of SH-SY5Y Cell Differentiation
Dopaminergic neuron-like cells were used to study the effect of AA in a cellular model of PD. Neuroblastoma SH-SY5Y 
cells were induced to differentiate by incubation with 10 μM RA and 1% FBS for 3 days (Figure 1A). Compared to cells 
that were not subjected to the differentiation conditions (ie, undifferentiated cells), cells that underwent differentiation 
exhibited extensive neurite outgrowths (Figure 1B). Quantification of the lengths of the neurites showed that the 
differentiated cells had significantly longer neurites than the undifferentiated cells (P < 0.0001) (Figure 1C). The 
expression of TH, MAP2, and synaptophysin, which are markers of mature dopaminergic neurons, in the undifferentiated 
and differentiated cells was examined by immunocytochemistry. The results showed that the expression of TH, MAP2, 
and synaptophysin was significantly higher in the differentiated cells compared to that in the undifferentiated cells (P < 
0.0001) (Figure 1D–I). These results suggested that exposing SH-SY5Y cells to 10 μM RA for three days generated 
dopaminergic neuron-like cells suitable for our experiments.

Effect of AA on the Viability of Dopaminergic Neuron-Like Cells
Previous studies have shown that a high concentration of AA reduces cell viability.23 To validate this finding, we treated 
the dopaminergic neuron-like cells with increasing concentrations of AA (1, 10, 100, and 1000 nM) for 24 h and then 
analyzed their viability using the MTT assay. The cells treated with AA at 100 nM (P < 0.005) and 1000 nM (P < 0.0001) 
showed significantly lower viability than the control cells (Figure 2A). Based on these results, in the subsequent 
experiments, cells were treated with AA at 1 nM and 10 nM for 24 h.

Effect of MPP+ on Dopaminergic Neuron-Like Cells
To determine the effect of MPP+ on the viability of the dopaminergic neuron-like cells and select the optimal 
concentration of MPP+ for use in our experiments, we exposed the cells to different concentrations of MPP+ (500, 
1000, 1500, and 2000 μM) for 24 h and determined their viability using the MTT assay. Cell viability decreased as the 

Journal of Experimental Pharmacology 2025:17                                                                                   https://doi.org/10.2147/JEP.S536728                                                                                                                                                                                                                                                                                                                                                                                                    691

Prommahom et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



MPP+ concentration increased in a dose-dependent manner. When compared to the control cells, the cells treated with the 
following concentrations of MPP+ exhibited significantly lower viability: 500 μM (24%, P < 0.0001), 1000 μM (31%, 
P < 0.0001), 1500 μM (45%, P < 0.0001), and 2000 μM (59%, P < 0.0001) (Figure 2B). We used 1500 μM MPP+ in our 
subsequent experiments because this concentration reduced the cell viability to approximately 55%.

Figure 1 Expression of dopaminergic neuronal markers in differentiated SH -SY5Y cells. (A) Timeline of differentiation of SH -SY5Y cells induced by 10 μM retinoic acid in 
1% FBS MEM and F12 media. (B) Phase-contrast micrographs show morphological changes in SH -SY5Y cells after three days of differentiation. Yellow arrows indicate 
neurite outgrowth. Scale bars show 20 μm. (C) Neurite outgrowth length of differentiated cells (****P < 0.0001). (D, H, F) Confocal immunofluorescence images show 
expression of TH, MAP2, and synaptophysin proteins. Scale bars show 20 μm. (E, G, I) Graph shows fluorescence intensity of TH, MAP2, and synaptophysin, respectively 
(****P < 0.0001). Data are expressed as mean ± SEM. Each experiment point was performed in triplicate from three different sets of experiments. Hoechst, nuclear staining; 
TH, tyrosine hydroxylase; MAP2, microtubule associated protein 2; synaptophysin, major protein of synaptic vesicle p38.
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Effect of AA on the Viability of MPP+-Treated Dopaminergic Neuron-Like Cells
To investigate the ability of AA to protect dopaminergic neuron-like cells treated with MPP+ against cell death, we 
incubated cells with AA at different concentrations (1, 10, 100, and 1000 nM) for 24 h before exposing them to 1500 μM 
MPP+ for 24 h and determining the cell viability. Cells treated with MPP+ for 24 h showed significantly lower viability 
(approximately 50.91%, P < 0.0001) than the control cells. Pretreatment with AA at 1, 10, and 100 nM before the 
addition of MPP+ resulted in significantly higher viability (75.22%, P < 0.0001; 81.90%, P < 0.0001; and 63.69%, P < 
0.05, respectively) compared with treatment with MPP+ alone. In contrast, pretreatment with AA at 1000 nM before the 
addition of MPP+ resulted in slightly lower viability (46.64%) (Figure 2C). These results indicated that maximum 
protection was achieved at an AA concentration of 10 nM, and this concentration was used in the other experiments.

Effect of AA on Autophagy in MPP+-Treated Dopaminergic Neuron-Like Cells
To determine the effect of AA on autophagy, the expression of the autophagy markers LC3, phospho-Beclin-1, and 
SQSTM1/p62 was assessed via immunocytochemistry and Western blot analysis (Figure 3A). Cells pretreated with AA 
had significantly higher levels of LC3 and LC3 puncta per cell compared to those in the control group (P < 0.0001). Cells 
treated with MPP+ did not significantly differ from the control cells in terms of the level of LC3; however, they had 
significantly less LC3 puncta per cell than the control cells (P < 0.0001). In contrast, the cells in the AA+MPP+ group 
had significantly more LC3 puncta per cell compared with those in the MPP+ group (P < 0.0001) (Figure 3B–D).

Figure 2 Effect of AA or/and MPP+ on cell viability of dopaminergic neuron-like cells. (A) MTT cell viability assay of dopaminergic neuron-like cells treated with AA (1, 
10,100, and 1000 nM) for 24 hours. (B) MTT cell viability assay of dopaminergic neuron-like cells treated with MPP+ (500, 1000, 1500, and 2000 μM) for 24 h. (C) 
Dopaminergic neuron-like cells were treated with different concentrations of AA (1, 10,100, and 1000 nM) for 24 hours before adding MPP+ to the culture medium for 
24 hours, and cell viability was assessed by MTT assay. Data are expressed as mean ± SEM of a percentage to the control group. Each experiment point was performed in 
triplicate from three different sets of experiments. **P < 0.005, ****P < 0.0001, compared with the control group; #P < 0.05, ####P < 0.0001, compared with the MPP+ 

treated group.
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The conversion of LC3-I to LC3-II was examined using Western blot analysis. The LC3-II/LC3-I ratio was significantly 
lower in the MPP+ group compared to that in the control group (P < 0.005). The AA+MPP+ group had a slightly higher LC3- 
II/LC3-I ratio than the MPP+ group (Figure 4A). The MPP+ group also exhibited lower phospho-Beclin-1 expression than the 
control group (P < 0.05), and the AA+MPP+ group showed slightly higher phospho-Beclin-1 expression than the MPP+ 

group (Figure 4B). When we examined the expression of SQSTM1/p62, it was found that the MPP+ group exhibited 
significantly higher SQSTM1/p62 expression than the control group (P < 0.05). In contrast, the cells in the AA+MPP+ group 
showed slightly lower SQSTM1/p62 expression compared with the cells in the MPP+ group (Figure 4C).

Together, these results suggested that AA increased autophagy in the MPP+-treated dopaminergic neuron-like cells.

Figure 3 Effect of AA pretreatment on LC3 in MPP+-treated dopaminergic neuron-like cells. (A) After three days of differentiation, cells were pretreated with AA 10 nM for 
24 hours before MPP+ treatment for 24 hours and LC3 expression was monitored. (B) Representative confocal immunofluorescence image of LC3 (green) and DAPI nuclear 
staining (blue). White arrows indicate LC3 puncta in the cytoplasm. Scale bars indicate 10 μm. (C) Quantification of LC3 fluorescence intensity and (D) number of LC3 
puncta per cell. Data are shown as mean ± SEM. Each experimental point was performed in triplicate from three different sets of experiments. **P < 0.01, ****P < 0.0001, 
compared with the control group; ΔΔΔΔP < 0.0001, compared with the AA group; ####P < 0.0001, compared with the MPP+ treated group; n.s, not significance.
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Effect of AA on Mitochondrial Changes in MPP+-Treated Dopaminergic Neuron-Like 
Cells
We then used confocal microscopy to determine the effect that AA had on mitochondrial changes observed in MPP+- 
treated dopaminergic neuron-like cells. In the control and AA groups, mitochondria were long and tubular in shape. In 
contrast, cells in the MPP+ group were found to have punctate and fragmented mitochondria. As shown in Figure 5A, the 
cells in the AA+MPP+ group exhibited long and tubular mitochondria. Quantification of the intensity of the MitoTracker 

Figure 4 Effect of AA pretreatment on LC3-II, phospho-Beclin-1, and SQSTM1/p62 proteins expression in MPP+-treated dopaminergic neuron-like cells. (A) Immunoblot of 
protein expression in LC3- II /LC3-I ratio. (B) Immunoblot of phosphorylation form of Beclin-1 protein expression. (C) Immunoblot of protein expression of SQSTM1/p62. 
The density of the bands was normalized with that of β-actin protein. Data are expressed as mean ± SEM of a percentage to the control group. Each experiment point was 
performed in triplicate from three different sets of experiments. *P < 0.05, **P < 0.005, compared with the control group; ΔP < 0.05, ΔΔP < 0.005 compared with the AA 
group. LC3, Microtubule-associated protein 1A/1B-light chain 3; phospho-Beclin-1, phosphorylation of Beclin-1; SQSTM1/p62, sequestosome-1/ubiquitin-binding protein 
p62.
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Red fluorescence revealed that the cells treated with MPP+ had less intense red fluorescence than those in the control 
group (P < 0.0001). Cells in the AA+MPP+ group showed significantly stronger red fluorescence intensity compared to 
those in the MPP+ group (P < 0.0001) (Figure 5B). These results indicated that AA diminished mitochondrial alteration 
in the MPP+-treated dopaminergic neuron-like cells.

Effect of AA on the Δψm in MPP+-Treated Dopaminergic Neuron-Like Cells
Next, we measured the effect of AA on the ΔΨm in the MPP+-treated dopaminergic neuron-like cells. For this, we used 
a JC-10 assay kit and a microplate reader to assess mitochondrial damage. JC-10 exists in a red aggregate form in 
healthy cells and in a green monomeric form in cells with mitochondrial damage. Figure 6A shows representative 
images of cells from the different treatment groups, and Figure 6B shows the aggregate-to-monomer ratios calculated 
for each treatment group. Compared with the cells in the control group, the cells in the MPP+ group exhibited 
significantly lower ΔΨm values (P < 0.005), and the cells in the AA+MPP+ group showed significantly higher ΔΨm 

values than those in the MPP+ group (P < 0.05). These results suggested that AA reduced mitochondrial damage in 
MPP+-treated dopaminergic neuron-like cells.

Effect of AA on Mitophagy in MPP+-Treated Dopaminergic Neuron-Like Cells
The effect of AA on the colocalization of LC3 and mitochondria in cells treated with MPP+ was investigated using 
immunofluorescence staining and confocal microscopy. The results are shown in Figure 7. The level of colocaliza
tion in the MPP+ group did not differ significantly from that in the control group. Pretreatment with AA was found 
to result in more colocalization compared to that in the control group (P < 0.0001). Notably, cells in the AA 

Figure 5 Effect of AA pretreatment on mitochondrial morphology in MPP+-treated dopaminergic neuron-like cells. (A) Representative confocal immunofluorescence 
images of Mitotracker-Red visualizing mitochondria. White arrows indicate the long tubular shape of mitochondria. Yellow arrows indicate fragmented mitochondria. Scale 
bars indicate 10 μm. (B) Quantification of Mitotracker-Red fluorescence intensity. Data are expressed as mean ± SEM of a percentage to the control group. Each 
experimental point was performed in triplicate from three different sets of experiments. *P < 0.05, ****P < 0.0001, compared with the control group; ΔΔΔΔP < 0.0001, 
compared with the AA group; ####P < 0.0001, compared with the MPP+ treated group.
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+MPP+ group showed significantly greater colocalization than did cells in the MPP+ group (P < 0.01). These 
results raised the possibility that AA could protect against and repair mitochondrial damage and increase 
mitophagy in MPP+-treated dopaminergic neuron-like cells.

Figure 6 Effect of AA pretreatment on ΔΨm in MPP+-treated dopaminergic neuron-like cells. The ΔΨm was measured using a JC-10 microplate reader. (A) Representative 
fluorescence image of live differentiated SH -SY5Y cells stained with JC-10. Red and green fluorescence indicate aggregated (polarized) and monomeric (depolarized) ΔΨm, 
respectively. Scale bars indicate 20 μm. (B) Quantification of relative JC-10 aggregation/monomer ratio. Data are expressed as mean ± SEM of a percentage to the control 
group. Each experiment point was performed in triplicate from three different sets of experiments. **P < 0.005, compared with the control group; ΔΔP < 0.005, compared 
with the AA group; #P < 0.05, compared with the MPP+ treated group.

Figure 7 Effect of AA pretreatment on mitochondria and mitophagy in MPP+-treated dopaminergic neuron-like cells. (A) Representative confocal immunofluorescence 
images of Mitotracker-Red and LC3 (green) to visualize mitochondria and autophagy, respectively. White arrows indicate colocalization of LC3 and mitochondria. Scale bars 
indicate 10 μm. (B) Quantification of colocalization of LC3 and mitochondria. Data are expressed as mean ± SEM of a percentage to the control group. Each experiment 
point was performed in triplicate from three different sets of experiments. *P < 0.05, ****P < 0.0001, compared with the control group; ΔP < 0.05, ΔΔΔΔP < 0.0001, 
compared with the AA group; ##P < 0.01, compared with the MPP+ treated group.
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Effect of AA on the Expression of TH in MPP+-Treated Dopaminergic Neuron-Like 
Cells
We also examined the effect of AA on the expression of TH, the dopaminergic neuron protein essential for survival, in 
MPP+-treated dopaminergic neuron-like cells. As shown in Figure 8, the cells in the MPP+ group expressed significantly 
less TH than the cells in the control group (P < 0.0005). Interestingly, the cells in the AA+MPP+ group showed 
significantly higher TH expression compared to the cells in the MPP+ group (P < 0.05). These results confirmed that AA 
increased survival in the MPP+-treated dopaminergic neuron-like cells.

Effect of AA on Apoptosis in MPP+-Treated Dopaminergic Neuron-Like Cells
To investigate the effect of AA on apoptotic cell death in MPP+-treated dopaminergic neuron-like cells, we employed DAPI 
nuclear staining and confocal microscopy. The results are shown in Figure 9. The cells in the control and AA groups were found 
to have normal nuclei, the cells in the MPP+ group showed nuclear condensation and fragmentation, and more normal nuclei 
were observed in the cells in the AA+MPP+ group than in those in the MPP+ group (Figure 9A). As shown in Figure 9B, there 
was a significantly greater percentage of apoptotic nuclei in the MPP+ group compared with the control group (P < 0.0001), and 
there were significantly less apoptotic nuclei in the AA+MPP+ group compared with the MPP+ group (P < 0.0001) (Figure 9B).

We also measured the level of caspase-3/7 activity in live cells to provide further evidence of AA’s ability to protect 
cells against apoptosis in MPP+-treated dopaminergic neuron-like cells. Cells treated with MPP+ alone were found to 
have significantly stronger caspase-3/7 activity than cells in the control group (P < 0.0001), whereas cells in the AA 
+MPP+ group were found to have significantly weaker caspase-3/7 activity than those in the MPP+ group (P < 0.0001) 

Figure 8 Effect of AA pretreatment on TH protein expression in MPP+-treated dopaminergic neuron-like cells. Data are expressed as mean ± SEM of a percentage to the 
control group. Each experiment point was performed in triplicate from three different sets of experiments. ***P < 0.0005, compared with the control group; ΔP < 0.05, 
ΔΔΔP < 0.0005 compared with the AA group. #P < 0.05, compared with the MPP+ treated group. TH, tyrosine hydroxylase.
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(Figure 9C and D). These results demonstrated that pretreating cells with AA resulted in less apoptotic cell death in 
MPP+-treated dopaminergic neuron-like cells.

Discussion
In this study, we established a cellular model of PD by treating dopaminergic neuron-like cells with MPP+ and showed 
that pretreating the cells with AA protected them from cell death. The results suggest that the cytoprotective activity of 
AA that reduces MPP+-induced apoptosis may be associated with the induction of autophagy and mitophagy, the 
prevention of mitochondrial damage, and the suppression of caspase-3/7 activation.

Figure 9 Effect of AA pretreatment on apoptotic nuclei and caspase-3/7 activation in MPP+-treated dopaminergic neuron-like cells. (A) Apoptotic nuclear morphology was 
elucidated using DAPI staining. Apoptotic nuclei were characterized by nuclear condensation (white arrows) and fragmentation (yellow arrows). Scale bars indicate 10 μm 
and 5 μm in enlarged images. (B) Graph represents percentage of apoptotic cells. (C) Representative live cell fluorescence micrographs of caspase-3/7. White arrows 
indicate caspase-3/7 activation in cytoplasm of cells. (D) Graph represents the fluorescence intensity of caspase-3/7. Data are expressed as mean ± SEM. Each experiment 
point was performed in triplicate from three different sets of experiments. **P < 0.005, ****P < 0.0001, compared with the control group; ΔΔΔP < 0.0005, ΔΔΔΔP < 0.0001, 
compared with the AA group. ####P < 0.0001, compared with the MPP+ treated group.
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Initially, we established a cellular model of PD. For this, we induced neuroblastoma SH-SY5Y cells to differentiate 
into dopaminergic neuron-like cells by incubation with RA for three days. Similar to previous studies, we observed 
extensive neurite outgrowth and increased MAP2 and synaptophysin expression, which are markers of mature 
neurons.24–26 Because both undifferentiated and differentiated SH-SY5Y cells express the dopaminergic neuron marker 
TH, this cell line is widely used in PD models.27–29 In this study, the differentiated SH-SY5Y cells showed significantly 
higher expression of TH, which we also observed in our previous studies.30,31

MPP+ is a neurotoxin used to generate animal and cellular models of PD.32,33 It has been shown to exert oxidative 
stress on cells by inhibiting mitochondrial complex I34 and to induce mitochondrial fission and reduce the ΔΨm by 
interrupting the mitochondrial electron transport chain.35–37 The presence of antioxidant enzymes, such as superoxide 
dismutase, protects against MPP+ toxicity in neuronal cell lines38 and dopaminergic neurons in primary culture.39 In this 
study, incubating cells with 1500 µM MPP+ resulted in punctate and fragmented mitochondria and diminished the ΔΨm 

in the dopaminergic neuron-like cells. These results are consistent with those of previous studies in which MPP+ and 
rotenone or H2O2 were used to generate cellular models of PD.20,40

Mitochondria play a central role in apoptosis. Mitochondrial outer membrane (MOM) permeabilization caused by 
mitochondrial fission leads to the release of proapoptotic factors, such as cytochrome c and apoptosis-inducing factor 
(AIF).41 Furthermore, studies have indicated that ΔΨm loss contributes to cell death by disrupting normal mitochondrial 
function42,43 and that a reduction in the ΔΨm initiates the removal of damaged mitochondria, a process known as 
mitophagy.44,45

In this study, 24-hr pretreating cells with 10 nM AA before incubating them with MPP+ resulted in relatively less 
mitochondrial damage (ie, less extensive changes to the mitochondrial morphology and ΔΨm). It was also found that 
treating cells with MPP+ did not significantly affect the colocalization of mitochondria and the autophagy marker LC3 
and that pretreating cells with AA before incubating them with MPP+ resulted in notably more colocalization of LC3 and 
mitochondria compared to that in cells treated with MPP+ only. The elimination of dysfunctional mitochondria is crucial 
for cell viability; thus, cells have developed diverse mitophagy pathways to ensure that mitophagy occurs under different 
conditions in a timely manner.46 The concentration of AA is essential for its neuroprotection. In this study, 1–10 nM AA 
acted perfectly against MPP+ toxicity, however, as the concentrations of AA were increased (100–1000 nM), the 
protective ability decreased, and even showed toxic effects by reducing cell viability as shown in Figure 2. According 
to previous studies, at very high pharmacological doses, AA induces apoptosis via production of ROS, increased 
intracellular Ca2+, alteration of Bax/Bcl-2 ratio and activation of caspase-3.47,48 The present study did not show the 
different time point of AA treatment. Nevertheless, pretreatment of AA for 24 hr significantly protected MPP+-induced 
neurotoxicity in dopaminergic neural-like cells. This result correlated with previous studies. 24, 48 and 72 hr of AA 
administration inhibited A549, H1299 and LLC cell proliferation21 and decreased U87-MG cell viability49 in both dose- 
and time-dependent manner. Moreover, 24 hr AA pretreatment protected H9c2 cells from ROS-mediated autophagy via 
a p38 mitogen-activated protein kinase/Bcl-2/beclin-1 signaling pathway in myocardial ischemia-reperfusion injury.22 

These findings supported that 24 hr pretreatment of AA is sufficient to investigate its effect on cellular activities and 
underlying molecular mechanisms.

Mitophagy can be categorized into two distinct forms: ubiquitin-mediated mitophagy and receptor-mediated mito
phagy. Ubiquitin-mediated mitophagy encompasses the PTEN induced kinase (PINK)/Parkin pathway and additional 
ubiquitin-mediated mechanisms.50 In this form of mitophagy, PINK1 accumulates on the MOM, recruiting Parkin to 
ubiquitinate outer membrane components when mitochondria are damaged. Mitochondrial proteins with phosphorylated 
poly-ubiquitin chains consequently affect other proteins and signal autophagy.51 Beclin-1 is recruited and activated in 
autophagosomes derived from pre-autophagic structures.52 During a typical autophagic flux, LC3-I is converted to LC3- 
II via conjugation with phosphatidylethanolamine, and LC3-II then inserts into the autophagosomal membrane.53 The 
degradation of MOM proteins is initiated by K63-linked ubiquitin, which recruits mitochondrial adaptor proteins and 
interacts with the LC3-II attached to the autophagosomal membrane. It has been asserted that SQSTM1/p62 preferen
tially positions itself between mitochondria and facilitates the aggregation of impaired mitochondria via 
polymerization.54,55 The damaged mitochondria and protein debris are encapsulated within autophagosomes, which 
subsequently fuse with lysosomes to form autolysosomes that mediate degradation. PINK1, Parkin, and SQSTM1/p62 
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are degraded through a lysosome-dependent process, whereas LC3-II is recycled.50,56 In the present study, incubating 
cells with MPP+ increased autophagic flux; however, incomplete autolysosomes were formed, as indicated by the 
elevated levels of SQSTM1/p62. Pretreating the cells with AA before incubating them with MPP+ significantly enhanced 
the level of autophagic activity, as evidenced by the increased LC3-II/LC3-I ratio and phospho-Beclin-1 expression, and 
the presence of complete autolysosomes was indicated by the relatively lower levels of SQSTM1/p62. Our findings align 
with those of previous studies that found that AA alleviates acute hepatic injury by enhancing autophagy.57

Mechanistically, autophagy is promoted by AMP activated protein kinase (AMPK), which is a key energy sensor and 
regulates cellular metabolism to maintain energy homeostasis. Conversely, autophagy is inhibited by the mammalian 
target of rapamycin (mTOR), a central cell-growth regulator that integrates growth factor and nutrient signals. AMPK 
and mTOR regulate autophagy through direct phosphorylation of Ulk1.58,59 Under glucose starvation, AMPK promotes 
autophagy by directly activating Ulk1 through phosphorylation of Ser 317 and Ser 777. Under nutrient sufficiency, high 
mTOR activity prevents Ulk1 activation by phosphorylating Ulk1 Ser 757 and disrupting the interaction between Ulk1 
and AMPK.60 Recent study showed AA protects against cardiac hypertrophy by activation of AMPKα, and suppressing 
mTOR/P70S6K/S6 and ERK, which resulted in restricted hypertrophy and fibrosis, ultimately improving cardiac 
performance. Moreover, these protective effects of AA were abolished after AMPKα inhibition or deficiency.61 

Meanwhile, asiaticoside, a glycoside form, effectively prevented cerebral ischemia-mediated cognitive impairment and 
neuronal damage in the rats. Moreover, autophagy was inhibited and the mTOR pathway was activated in rats with 
cerebral ischemia by asiaticoside treatment.62 The role of mTOR in neurodegenerative diseases is still debated. Because 
mTOR is critical for protein synthesis and cell survival processes, it is worth noting that mTOR inhibition causes 
autophagy to activate, which may play a role in neuroprotection. However, long term inhibition can trigger the feedback 
loop and prevent autophagy. As a result, mTOR is a double-edged sword. It can play both neuroprotective and neurotoxic 
roles. Hence, the signaling between mTOR and autophagy has to be balanced. If the balance between mTOR and 
autophagy can be achieved, mTOR might be a possible target for the therapy of PD.63 Therefore, the mechanistic insight 
of relevant signaling pathways, mTOR/AMPK exes need to be evaluated in the future study for better understanding 
about AA’s effect on autophagic and mitochondrial functions in PD.

The results of this study also support the notion that AA protects cells against MPP+-induced apoptosis. Caspase-3/7 
activation is widely considered the defining molecular marker of apoptotic cell death,64 and it contributes to some 
mitochondrial events once thought to occur upstream of effector caspases. These caspases control ΔΨm loss and AIF 
release and may also amplify the initial death signal by promoting cytochrome c release. Although Bax translocation and 
cytochrome c release eventually occur during the process, it is likely that multiple pathways regulate mitochondrial 
function in apoptosis.65 In this study, cells incubated with MPP+ showed stronger caspase-3/7 activity and higher 
numbers of apoptotic nuclei, which indicated that MPP+ induced apoptotic cell death. However, the caspase-3/7 activity 
and number of apoptotic nuclei were lower in cells pretreated with AA, which suggested that AA protected cells from 
MPP+-induced apoptosis. These findings are consistent with those of previous studies that found AA had antioxidative 
and anti-apoptotic effects in Drosophila and cellular models of PD.66 In a recent study, we showed that inhibiting the 
antioxidant peroxiredoxin (Prdx)-1 promoted apoptosis by increasing reactive oxygen species production, p53 activation 
(which increased the expression of cleaved caspase-3), and the number of apoptotic nuclei in a cellular model of PD.67

Finally, we analyzed the expression of TH, the enzyme that regulates the rate of dopamine synthesis and is used as 
a marker of cell function.68 Our results showed that incubating cells with MPP+ resulted in lower cell viability and TH 
expression. These findings demonstrated that MPP+ had a cytotoxic effect. In cells with lower levels of TH, the ability to 
synthesize dopamine is reduced, which can lead to dopamine dysfunction in PD patients. However, pretreatment with AA 
resulted in higher cell viability and TH expression in MPP+-treated dopaminergic neuron-like cells. These findings 
correlate with those of previous studies that found overexpression of the antioxidant Prdx-2 led to higher TH expression 
and protected neurons from death after MPP+ treatment in a cellular model.33 Moreover, Prdx-2 overexpression has been 
shown to prevent the loss of dopaminergic neurons in an 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model of 
PD.69 Previous studies showed that AA has numerous pharmacological actions, including antioxidant, anti-inflammatory, 
and neuroprotectivity.47,70 The mechanisms may be concerned with reduced ROS, inhibited GSH decrease, and protected 
mitochondria. The loss of ΔΨm has been identified as the first steps in the apoptotic process.71 Our results were consistent 
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with previous study that MPP+ can disrupt the mitochondrial and autophagic functions together with cellular survival 
PI3K/AKT/mTOR pathway leading to the dopaminergic neural apoptosis in PD model.30,31,72 AA is shown to act directly 
on the mitochondria against MPP+ induced depolarization of ΔΨm. Accordingly, we suggest that AA inhibits the 
apoptosis induced by MPP+ possibly through its antioxidant activity, mitochondrial protection and the autophagy 
induction. These cellular processes may work synergistically to protect DA neurons from MPP+ induced apoptotic cell 
death.

Conclusion
The results of this study indicate that AA may protect dopaminergic neuron-like cells from MPP+-induced apoptosis by 
inducing autophagy, as evidenced by the higher LC3-II/LC3-I ratio and Beclin-1 expression observed in cells pretreated 
with AA. The lower levels of SQSTM1/p62 found in the cells pretreated with AA suggested that complete autolysosomes 
were present. Additionally, pretreating cells with AA resulted in tubular mitochondria, improved mitochondrial function, 
higher levels of TH, and lower caspase-3/7 activity, which led to less apoptotic cell death. Therefore, AA is a potential 
neuroprotective agent, and further studies should be conducted, including in vivo and clinical studies, to evaluate its use 
in patients with PD. However, the related molecular mechanisms underlying the autophagic induction of AA require 
further exploration, which may contribute to uncovering its clinical therapeutic potential in PD management.
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