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Background: Parkinson’s disease (PD) is the most prevalent movement disorder. Curcumin, a polyphenol with hydrophobic 
properties, has been proved against Parkinson. Our previous study suggested that curcumin’s effectiveness in treating Parkinson’s 
disease may be linked to the gut-brain axis, although the specific mechanism by which curcumin exerts neuroprotective effects in the 
brain remains unknown.
Methods: The therapeutic efficacy of curcumin was evaluated using behavioral tests, immunofluorescence of tyrosine hydroxylase 
(TH). Network pharmacology and transcriptomics predicted the mechanisms of curcumin in PD. Activation of the phosphatidylinositol 
3-kinase PI3K/AKT pathway was confirmed by quantitative polymerase chain reaction (qPCR) and immunofluorescence.
Results: Curcumin restored the dyskinesia and dopaminergic neurons damage of MPTP-induced mice. Curcumin against Parkinson’s 
disease by regulating inflammation, oxidative stress, and aging. The mechanisms of these were associated with activation of PI3K / 
AKT pathway.
Conclusion: In conclusion, the neuroprotective mechanisms of curcumin activate PI3K / AKT pathway in Parkinson’s disease was 
revealed by our study.
Keywords: Parkinson’s disease, curcumin, network pharmacology, transcriptomics, PI3K / AKT pathway

Introduction
Parkinson’s disease (PD) is the most prevalent movement disorder. Driven principally by aging, the number of people 
with Parkinson disease is projected to over 12 million by 2040.1 Gene mutations contribute to only a small portion of all 
cases, with non-genetic factors playing a significant role in combination with susceptibility genes.2 Several non-genetic 
factors have been identified in Parkinson’s disease (PD), including viral or bacterial exposure, pesticide exposure, and 
changes in gut microbiota, suggesting a potential link to disease development.3,4 It is hypothesized that complex 
interactions between genes and the environment, along with the aging process, contribute to the progression of PD. 
Currently, there is a lack of disease-modifying therapies available, in addition to levodopa supplementation and antic-
holinergic therapy.5 However, there is no conclusive evidence supporting the effectiveness of any specific agents in the 
disease-modifying.5 The absence of disease-modifying treatments may be attributed to both inadequate therapeutic 
candidates and insufficient attention to the mechanisms of these candidates.6

Curcumin, a polyphenol with hydrophobic properties, is derived from the rhizome of a plant.7 It is widely consumed 
in Asia, either directly as a complementary treatment or as an ingredient in various food recipes.8 Recently, there has 
been increasing interest in using curcumin to prevent Parkinson’s disease.9 The mechanisms of curcumin to anti-PD may 
include antioxidant, Immune modulation, and the clearance of α-syn.10–12 Our previous study suggested that curcumin’s 
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effectiveness in treating Parkinson’s disease was linked to the gut-brain axis, although the specific mechanism by which 
curcumin exerts neuroprotective effects in the brain remains unknown.13,14

The PI3K/AKT was associated with some biological processes such as apoptosis, cell proliferation, and metabolism.15 

There is growing evidence that the activation of the PI3K/AKT signaling pathway exerts anti-Parkinson’s disease 
effects15,16. At the same time, it is believed that curcumin can activate the PI3K/AKT.17–19 However, there were no studies 
to confirm that curcumin exerts neuroprotective effects in Parkinson’s disease by activating PI3K/AKT in the brain.

Network pharmacology is an emerging field that utilizes systems biology principles, analyzes biological system 
networks, and designs drug molecules that target multiple specific signaling nodes. By employing network pharmacol-
ogy, effective therapeutic interventions can be predicted without the need for traditional methods, thereby expediting 
clinical translation.20,21 Transcriptomics, a highly advanced field in the post-genomic era, enables the study of mRNA 
expression in tissues or cells at a comprehensive level.22 Our research combines these two approaches to predict how 
curcumin works against Parkinson’s disease. We have also confirmed in vivo that curcumin activates PI3K/AKT and has 
protective effects on the brain (Figure 1). This study, along with our previous research, establishes a theoretical 
foundation for using curcumin as a disease-modifying treatment for Parkinson’s disease.13,14

Materials and Methods
Animals and Treatments
C57BL/6J mice (8 weeks old, male, n=30) were obtained from Hunan Slaughter Jingda Laboratory Animal Co., Ltd. 
Prior to the commencement of the experiments, the mice were housed in a standard environment with unlimited access to 
food and water. They were kept in a pathogen-free facility for one week. The animal procedures were approved by the 
Ethics Committee of Hainan Medical University. Carbon dioxide asphyxiation was used as a humane method to 
euthanize all the mice. The mice were divided into MPTP (Sigma-Aldrich, United States) + Curcumin (Macklin, 
Shanghai, China) group, MPTP group, and control group. To induce Parkinson’s disease in the mouse model, MPTP 
(2mg/mL) dissolved in sterile distilled water with 5% ethanol solution was administered through intraperitoneal 
injections at a dose of 20 mg/kg/3.5days for 5 weeks. Before MPTP injection 2 weeks, curcumin (100 mg/mL in 
DMSO to store) was given at a dose of 60 mg/kg/d for 35 days in MPTP + Curcumin group.

Behavioral Tests
All behavioral tests were conducted in a blinded fashion.

Figure 1 The overall process of the study. Work scheme of integrating network pharmacology, and transcriptomics to confirm neuroprotective of curcumin via PI3K / AKT 
pathway in Parkinson’s disease.

https://doi.org/10.2147/DDDT.S462333                                                                                                                                                                                                                               

DovePress                                                                                                                                     

Drug Design, Development and Therapy 2024:18 2870

Cai et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


In the open field test, placing mice in a field measuring 45 × 45×50 cm3 and the mice were observed for 5 minutes 
using a camera. The SMART 3.0 system was used to analyze and record the results. To ensure cleanliness, the field was 
cleaned with alcohol before use and dried between tests.

In the pole test, the mice were given 3 days to acclimate to their surroundings before the experiment. While the test, 
the mice were put on a rough pole with 1 cm in diameter and 0.5 m in height with a head-up position. The time taken by 
the mice to climb down the pole was recorded. After 5 days of training, all mice were formally tested, and the results 
were analyzed to evaluate their motor function.23 Ten mice of each group (n=10) were observed.

Network Pharmacology
Using the “curcumin” as a search term, Obtain the targets of curcumin in PubChem (https://pubchem.ncbi.nlm.nih.gov/), 
PharmMapper (http://lilabecust.cn/pharmmapper/), Targetnet (http://targetnet.scbdd.com/), TCMSP (https://old.tcmspe.com/ 
tcmsp.php), STITCH (https://ngdc.cncb.ac.cn/databasecommons/database/id/208), ETCM (www.tcmip.cn/ETCM).24 The 
gene names of the obtained targets were determined by querying the UniProt database (https://www.uniprot.org/). 
Subsequently, the target genes were combined and all duplicates were removed, resulting in a list of potential curcumin targets. 
To identify disease targets related to Parkinson’s disease, we utilized the disease databases DisGeNET (http://www.disgenet.org), 
GEO (https://www.ncbi.nlm.nih.gov/geo), and OMIM (https://www.omim.org) with the search term “Parkinson’s disease”. The 
overlapping targets between curcumin and Parkinson’s disease were considered as potential therapeutic target genes for curcumin 
in treating PD. The PPI network of the targets was achieved by STRING database (https://cn.string-db.org/). The files were 
downloaded, and imported into Cytoscape for visualization.

Transcriptome
Five mice of each group were sacrificed for Transcriptome. RNA extraction was performed using the TRIzol reagent. The 
quality and quantity of the extracted RNA were assessed using the NanoDrop 2000 spectrophotometer (Thermo Scientific, 
USA). The integrity of the RNA was evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, 
USA). Subsequently, libraries were prepared using the VAHTS Universal V6 RNA-seq Library Prep Kit according to the 
manufacturer’s protocol. The libraries were sequenced on an Illumina Novaseq 6000 platform, generating 150 bp paired-end 
reads. The raw reads in fastq format were processed using fastp24 to remove low quality reads, resulting in clean reads. 
Approximately 50 clean reads were retained for each sample for further analysis. The clean reads were then aligned to the 
reference genome using HISAT225. The FPKM26 of each gene was calculated and the read counts of each gene were obtained 
using HTSeq-count27. Principal component analysis (PCA) was performed using R (v 3.2.0) to assess the biological 
duplication of samples. Differential expression analysis was conducted using DESeq228, with a threshold of Q value 
< 0.05 and foldchange > 2 to determine significantly differentially expressed genes (DEGs). Hierarchical cluster analysis of 
DEGs was performed using R (v 3.2.0) to visualize the expression patterns of genes in different groups and samples. We would 
like to acknowledge the assistance of OE Biotech, Inc., (Shanghai, China) in sequencing and bioinformatics analysis.

GO and KEGG Analyses
In order to explore the mechanisms involved in the treatment of PD with curcumin, the targets in the network 
pharmacology or transcriptomics were analyzed using the DAVID (https://david.ncifcrf.gov/) for visualization, integra-
tion and annotation. This involved functional annotation, including gene ontology (GO) and Kyoto encyclopedia of genes 
and genomes (KEGG) enrichment analysis.25,26 The analysis was limited to the species “Homo sapiens” and 
a significance level of P < 0.05. The results of the GO and KEGG enrichment analysis were then visualized using 
bioinformatics tools.

Immunofluorescence
One-half of the brain of 5 mice per group were subjected to Immunofluorescence (n=5). The brain was dehydrated, OCT 
embedded, and sectioned (25 µm). The sections were blocked, incubated overnight at 4°C with primary antibodies, and 
then Sections were rinsed in PBS and incubated in Cy3 or FITC conjugated donkey anti-rabbit IgG. Then, sections were 
again rinsed by PBS, posed on slides, coverslipped, and observed by confocal microscopy. The distribution of 
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immunoreactive cells was analyzed using digitized images. The other antibodies from Servicebio were used: anti-TH 
antibody, anti-PI3K antibody, anti-AKT antibody, FITC conjugated donkey anti-rabbit IgG, Cy3-conjugated donkey anti- 
rabbit IgG, and DAPI staining reagent.

Quantitative Real-Time PCR
The other half of the brain was used for PCR (n=5). We utilized the Eastep Super Total RNA Extraction Kit (Promega, 
Shanghai, China) to extract RNA from mouse brain tissue. The manufacturer’s instructions were followed for this process. 
Subsequently, 2µg of RNA was reverse transcribed into cDNA using the YEASEN Biotechnology kit (Shanghai, China). The 
target genes were amplified using the qPCR system (Quantagene q225-0304, Kubo Tech Co, Zurich, Switzerland) with the 
cycling conditions: pre-denaturation at 95 °C for 5 min, denaturation at 95 °C for 10s, annealing at 60 °C for 30s, and 40 
cycles. The 2−(∆∆Ct) method was employed to analyze the relative mRNA expression. Primers were designed from PubMed 
and synthesized by Beijing Prime Biotechnology Co. (Beijing, China). Refer to Table 1 for the list of primers used.

Statistical Analyses
The data were expressed as mean values ± standard deviation (SD). Behavioral data are non-parametric and were 
analyzed using a Kruskal Wallis. Statistical comparisons between the groups were conducted using Student’s t-test or 
one- or two-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. A significance level of p < 0.05 was 
used to determine the statistical significance. All statistical analyses were performed using SPSS software.

Results
The Neuroprotective of Curcumin in MPTP-Induced Mouse Model
We evaluated the neuroprotective effects of curcumin in the MPTP-induced mouse model of PD. Curcumin restored the 
behavioral performance of MPTP-induced mice. The representative tracks in the open field test are shown in Figures 2A. 
Quantitative analyses further confirmed that the total distance was increased in the open field test of curcumin treated PD 
mice (Figure 2B). In pole test, a significant longer time to down was spent by the MPTP group vs the MPTP+Curcumin 
group and control group (Figure 2B). The number of tyrosine hydroxylase+ cells, a marker for dopaminergic neurons, 
was reduced in the SNc and striatum of PD mouse compared with control group (Figure 2C). Based on tyrosine 
hydroxylase staining, the quantitative analysis supported that the tyrosine hydroxylase+ cells in MPTP+Curcumin was 
considerably higher than that in the MPTP group (Figure 2D).

PPI Network and Key Targets for Curcumin Treatment of PD
The chemical structure of curcumin was shown in Figure 3A. Targets of curcumin were predicted using TCMSP, STITCH, 
PharmMapper, ETCM, PubChem and TargetNet database. Three hundred and fifty-three genes were obtained after integrating 
and deleting the reduplication term (Supplementary Table 1). Parkinson Relevant targets were searched using the disease name 
“Parkinson’s disease”, OMIM database obtained 45 target genes, The DisGeNET database obtained 952 target genes, The GEO 
database obtained 162 target genes, A total of 1159 genes were obtained after integrated deduplication (Supplementary Table 2). 
The overlapping targets, shown by Venn diagram, were recognized as potential targets for curcumin treatment of PD (Figure 3B). 
Subsequently, PPI network for curcumin treatment of PD (Figure 3C), which contains 118 nodes and 393 edges. The top 15 key 
targets were shown as HSP90AA1, TP53, CTNNB1, HSPA4, HIF1A, MAPK1, AKT1, HSPA5, GSK3B, MAPK3, MAPT, APP, 
BECN1, STAT3, SIRT1. In previous studies, we confirmed the key role of SIRT1 in curcumin in inhibiting intestinal 
inflammation and thus against Parkinson’s disease, demonstrating the reliability of network pharmacological analysis.13

Table 1 Primer Sequences

Gene Name Forward Reverse

PI3K 5’-TGC TAT GCC TGC TCT GTA GTG GT-3’ 5’-GTG TGA CAT TGA GGG AGT CGT TG-3’
AKT 5’-GTG CTG GAG GAC AAT GAC TAC GG-3’ 5’-AGC AGC CCT GAA AGC AAG GA-3’

Note: Primer sequences of PI3K and AKT.
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Enrichment Analysis of PPI Network
To gain insights into the function and signaling pathways of potential targets of curcumin in treating PD, we conducted 
enrichment analysis of the PPI network. We utilized the online analysis system DAVID to analyze the 118 overlapping 
targets. Our analysis revealed that curcumin regulates a total of 120 biological processes (BP), including gene expression 

Figure 2 The neuroprotective of curcumin on MPTP-induced mouse model. (A) Representative traces of the open field test among control, MPTP, and MPTP + Curcumin 
groups (n = 10); (B) Quantification of the open field test and pole test among control, MPTP, and MPTP + Curcumin groups (n = 10); (C) Representative immuno-
fluorescence images of TH-positive cells in the Substantia nigra and striatum of the three groups; (D) Quantification analysis of TH-positive cell number in Substantia nigra 
and Striatum. The analysis was performed using ImageJ (n = 5). Red staining represents immunolabeling for tyrosine hydroxylase. The significance is expressed as **p<0.01.
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regulation, neuron apoptosis regulation, and phosphatidylinositol 3 kinase signaling positive regulation. Additionally, we 
identified 29 cellular components (CC), such as cytoplasm, extracellular components, and nucleus. Furthermore, we 
determined 51 molecular functions (MF), including protein binding, enzyme binding, and kinase binding. The top 20 BP, 
CC, and MF are depicted in Figure 4A.

Moreover, we performed KEGG pathway enrichment analysis on the targets in the PPI network, resulting in the 
identification of 41 pathways. We visualized the top 20 pathways in a bubble diagram (Figure 4B). Our findings indicated 
that the PI3K/AKT pathway, apoptosis, Longevity regulating pathways, and Renin-angiotensin system are the main 
pathways involved. Among these, the PI3K/AKT pathway emerged as the most significant in curcumin’s therapeutic 
effects on PD. Therefore, the activation of the PI3K/AKT pathway may serve as a critical mechanism underlying 
curcumin’s efficacy in treating PD.

Figure 3 The network pharmacology analysis of curcumin in the treatment of PD. (A) The chemical structure of curcumin. (B) Venn diagram of overlapping genes 
associated with curcumin in PD.(C) PPI of potential targets of curcumin to treat PD. The top 15 key targets were shown as core PPI network. Nodes are potential targets for 
curcumin in the treatment of PD. The larger the node, the deeper the color, the greater the Degree. The line between two nodes represents the interaction. The thicker the 
edge, the higher the interaction between targets.
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Transcriptome Analysis of Curcumin Treatment in MPTP-Induced Mouse Model
In order to validate the potential mechanisms of curcumin in treating Parkinson’s disease (PD) as obtained through 
network pharmacology analysis, we conducted transcriptome analysis using brain tissue from a mouse model of each 
groups (n=5). As a result, we identified 180 differentially expressed genes (DEGs) by comparing the MPTP+Curcumin 
and MPTP groups. Among these DEGs, 44 were down-regulated and 136 were up-regulated. To visually represent the 
overall distribution of these DEGs, we plotted volcano and heat maps (Figure 5A and B). For functional enrichment 
analysis of the DEGs, GO and KEGG analyses were also carried out (Figure 5C and D). Specifically, the insufficient data 
of network pharmacology and the insufficient sample used in the transcriptome, which may be responsible for the 
difference between the two enrichment analyses. However, the activation of PI3K/AKT pathway were consistent with the 

Figure 4 Enrichment analysis of network pharmacology. (A) GO functional enrichment analysis. (B) KEGG pathway enrichment analysis. The closer the color to red, the 
smaller the P value, the more pronounced the enrichment.
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Results of network pharmacology. Thus, these transcriptome results provide support for the conclusions drawn from the 
network pharmacology analysis.

In vivo Verification
The results of network pharmacology analysis and transcriptome analysis suggested that curcumin could activate PI3K/ 
AKT pathway and further treat PD by regulating various biological processes. The qPCR were consonant with the 
transcriptome, suggesting that expression levels of the PI3K/AKT pathway increased significantly after curcumin 
treatment in the PD mouse model (Figures 6C and 7C). PI3K and AKT expression was confirmed by immunofluores-
cence stain (Figures 6A and 7A). An immunofluorescence indicated that expression of PI3K/AKT pathway was 
significantly increased in MPTP+Curcumin group vs model group. The results of the quantitative analysis were 

Figure 5 Transcriptome analysis. (A) The volcano map showed DEGs in MPTP vs MPTP+Curcumin groups. Red nodes represented up-regulated DEGs, and blue nodes 
represented down-regulated DEGs.(B) The heat map showed DEGs in MPTP vs MPTP+Curcumin groups.(C) GO functional enrichment analysis of DEGs. (D) KEGG 
pathway enrichment analysis of DEGs.
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consistent with the results of immunofluorescence (Figures 6B and 7B). These results from in vivo, Transcriptome, and 
network pharmacology collectively support the conclusion that the role of neuroprotection of curcumin maybe achieved 
by activation of PI3K / AKT pathway in PD mouse model.

Discussion
Parkinson’s disease, a severe threat to human health in aging society, is commonly treated with L-DOPA, which 
unfortunately has the main disadvantage of progressive loss of efficacy and L-DOPA-induced dyskinesia.27,28 Current 
treatments for Parkinson’s disease with L-DOPA fail to stop disease progression in patients. Therefore, more therapeutic 
targets and treatment options need to be explored.6 Studies shown that curcumin can alleviate the symptoms of 
Parkinson’s disease.10,29–32 Our previous study provides an initial understanding of curcumin in PD.13,14 However, 

Figure 6 Curcumin activate PI3K/AKT pathway in the Substantia nigra. (A) Representative immunofluorescence images of pi3k-positive and akt-positive in the SN of the 
control, MPTP, and MPTP + Curcumin groups; (B) Quantitative analysis of mean fluorescence intensity of PI3K-positive and AKT-positive regions in the SN; (C) PI3K, and 
AKT mRNA levels in the SN. The significance is expressed as *p<0.05,**p<0.01. The analysis was performed using ImageJ (n = 5).
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further exploration was needed. To provide a basis for the application, we integrate network pharmacology, transcrip-
tomics to reveal neuroprotective of curcumin in Parkinson’s disease.

Firstly, network pharmacology was illuminated the potential mechanism of curcumin in PD. We identified that key 
targets, including HSP90AA1, TP53, CTNNB1, HSPA4, HIF1A, MAPK1, AKT1, HSPA5, GSK3B, MAPK3, MAPT, 
APP, BECN1, STAT3, and SIRT1, were closely related to curcumin treatment of PD. GO enrichment analysis showed 
that the regulation of apoptosis process, response to lipopolysaccharide, positive regulation of nitric oxide biosynthetic, 
aging, and positive regulation of phosphatidylinositol 3-kinase signaling playing a critical role in curcumin treating PD. 
And KEGG enrichment analysis showed that it was involved in PI3K/AKT pathway and longevity pathway. Apoptosis, 
an evolutionarily conserved form of programmed cell death, is implicated in the pathophysiology of Parkinson’s 
disease.33–35 As we know that lipopolysaccharide injection can induce symptoms similar to Parkinsonism.36 This 

Figure 7 Curcumin activate PI3K/AKT pathway in the striatum. (A) Representative immunofluorescence images of pi3k-positive and akt-positive in the STR of the control, 
MPTP, and MPTP + Curcumin groups; (B) Quantitative analysis of mean fluorescence intensity of PI3K-positive and AKT-positive regions in the STR; (C) PI3K, and AKT 
mRNA levels in the STR. The significance is expressed as **p<0.01. The analysis was performed using ImageJ (n = 5).
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phenomenon was associated with oxidative stress.37 Excessive oxidative stress was thought to play a vital role during the 
pathogenesis of Parkinson’s disease and much attention has been placed on lipopolysaccharide -induced nitric oxide as 
a key factor.38,39 Our analysis suggested that curcumin provided protection against LPS-induced apoptosis in Parkinson’s 
disease. In addition, curcumin ameliorate Parkinson’s diseases development and progression may relate with anti-aging. 
Notably, both GO and KEGG enrichment analyses suggested that PI3K as a key in curcumin anti-PD.

Secondly, transcriptome analysis of curcumin treatment in MPTP-induced mouse model was used to further illuminate the 
potential mechanism. 180 DEGs were identified, significant up DEGs in PD mouse include, Lypd8, Zg16, Dmbt1, Car1, Tiff2, 
Muc3, Tiff1, Reg3b, Guca2a. In the other hand, A1bg, Cyp2a4, Cyp3a44, Cyp3a16, Cyp3a41a, Fmo3, Gimap7, Gm3500, and 
Hamp2 was significantly down. GO enrichment analysis of transcriptome showed that maintenance of gastrointestinal 
epithelium, response to bacterium, and inflammatory response were involved in curcumin against PD. This finding reinforces 
our earlier research, indicating that curcumin depends on the gut microbiota and gut-brain axis to combat Parkinson’s 
disease.13,14 Our experimental findings validate that curcumin has the ability to protect against MPTP-induced intestinal 
barrier disruption in Parkinson’s disease.13 There is an inextricable link between inflammation, oxidative stress, and aging, and 
transcriptome results further complement the underlying mechanisms of curcumin’s anti-Parkinson’s disease. Requires our 
attention, KEGG enrichment analysis of transcriptome also suggested that PI3K/AKT pathway may play a key role in 
curcumin anti-Parkinson’s disease. The PI3K/AKT signal pathway has been extensively researched and shown to have 
a significant impact on the central nervous system (CNS).15,16,40 Compared with those of other signalling pathways, the 
components and biological functions of the PI3K/AKT pathway are complicated.41 This pathway is involved in various 
physiological processes of the CNS, including angiogenesis, cell survival, apoptosis, autophagy, neurogenesis, neuronal 
proliferation and differentiation, and synaptic plasticity.42 Especially in autophagy, the process of protein aggregates and 
damaged organelles mediated by lysosomes.43,44 Recent reviews have increasingly suggested that curcumin targeting the 
PI3K/AKT signal pathway to protect dopaminergic neurons, while also inhibiting the activation of microglia.17,45 As a result, 
curcumin has shown promising potential in the treatment and prevention of PD. Either as antioxidants or modulators of cell 
signalling, the influence of curcumin on oxidative and inflammation balance are key. Consistent with our enrichment analysis 
results, the neuroprotective of curcumin on Parkinson’s disease depend on oxidative stress, inflammation and apoptosis of 
nerve cells has been demonstrated.45–47 However, there is no direct experimental evidence in vivo for curcumin exerts the 
effects of anti-oxidative stress, anti-inflammation and anti-apoptosis by activating the PI3K/AKT in PD. And AKT gene 
expression in the cell was the key role of anti-oxidative stress, anti-inflammation and anti-apoptosis.44 Finally, our study 
verified the PI3K/AKT pathway activated by curcumin in Parkinson’s disease. However, to further demonstrate curcumin 
protects through the activation of the PI3K/AKT pathway, our future study should be incorporated an inhibitor targeting the 
PI3K/AKT pathway. If the inhibitor could restore this protective effect, it would be the stronger evidence.

We have employed a combination of network pharmacology, transcriptomics, and in vivo experimental evidence to uncover 
the neuroprotective effects of curcumin through the activation of the PI3K/AKT pathway in Parkinson’s disease. Our study not 
only supports the findings of recent reviews but also provides crucial evidence from bioinformatics, omics, and experiments.48 

This has established a solid theoretical basis for the clinical application of curcumin in treating Parkinson’s disease. Nevertheless, 
our research still has certain limitations, which will guide our future exploration. Firstly, our data lacks a baseline for evaluating 
the specific activation of the PI3K/AKT pathway solely due to curcumin administration. And our data also lacks other control 
conditions associated with vehicle treatment (curcumin/MPTP dilution vehicle). On the other hand, we only used MPTP-induced 
models, and we need more PD models to verify our conclusion, such as induced by rotenone or 6-OHDA. We will delve deeper 
into the role of the PI3K/AKT pathway in Parkinson’s disease, focusing on its effects against oxidative stress, inflammation, and 
apoptosis. Additionally, we will validate our conclusions using clinical samples and in vitro. And we also need more 
bioinformatics analysis techniques, to discover the underlying mechanisms, such as Reactome. In summary, our research offers 
innovative approaches and ideas for the identification of new therapeutic targets for PD.
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