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Editorial on the Research Topic
 Advances in Parkinson's Disease Research: Exploring Biomarkers and Therapeutic Strategies for Halting Disease Progression





1 Introduction

Parkinson's disease (PD) is a multifactorial neurodegenerative disorder, characterized by loss of dopaminergic neurons of substantia nigra (SN) in 1% of people aged above 65 years (Ben-Shlomo et al., 2024). Its complex clinical picture includes motor symptoms such as tremor, bradykinesia, and gait instability, as well as non-motor symptoms (depression, psychosis, cognitive decline) (Schilder et al., 2017; Titova and Chaudhuri, 2017). Current symptomatic therapies have limited long-term efficacy (Aldaajani and Khalil, 2024). A deep analysis of neural network after PD onset could deepen our understanding of the molecular crosstalk and biological processes underlying PD pathogenesis (Tomkins and Manzoni, 2021). However, there is a lack of reliable biomarkers for early diagnosis, presenting barriers to monitoring and developing disease-modifying therapies.

This Research Topic of Frontiers in Neurology entitled “Body Fluid Biomarkers in Neurodegenerative Studies: Novel Insights into Pathophysiology to Support Clinical Practice and Drug Development” includes articles on innovative biomarkers and interventions.



2 Risk factors of Parkinson's disease

This Research Topic includes three studies that examine different factors that influence the PD progression (Paul et al., 2019).

Wei et al. showed that age, gender, smoking, history of falls, hypertension, diabetes, and poor physical activity are risk factors of postural instability of PD patients.

According to Huang et al., the Composite Dietary Antioxidant Index (CDAI) is an independent risk factor for PD risk in the general population and all-cause mortality in PD patients. These findings strength the development of tailored antioxidant-boosting dietary therapies for both established PD patients and high-risk groups with inadequate CDAI.

He et al. support HLA-DRB1 rs660895-G allele as a protective genetic factor for PD risk in Chinese population. Furthermore, authors provide new evidence for the protective effect of rs660895-G allele in PD progression.

These findings focus on managing life style risk factors and promoting light physical activity to improve balance and reduce fall risks. CDAI criteria enable targeted nutritional therapies, emphasizing antioxidant-rich dietary advice for patients with lower PD risk. Understanding of the genetic factors underlying PD in the Chinese population offers a new gene target for therapeutic development.



3 Biomarkers of PD: advances in detection

There are several different types of biomarkers for PD, such as clinical, neurochemical, and genetic (Bougea, 2020). Ten studies provided novel insights into the early detection and monitoring of PD.

Sun et al. found that facial expression-induced enhancement as measured by P1 amplitude in the occipital region of the PD group can be used as a rapid and objective test to screen for depressive symptoms in PD.

Zhang J. et al. identified circadian rhythm genesAK3, RTN3, and LEPR as biomarkers in the progression of PD by regulating NK cells, however, the exact mechanism is not clear.

Wang Q. et al. confirmed that GPR78, CADM3, and CACNA1E were biomarkers that mostly participated in pathways, such as the “cell cycle” and “hydrogen peroxide catabolic process.” They also found; five types of immune cells that differed between PD and control groups.

Zhang F.-L. et al. highlighted the potential value of oligodendrocyte precursor cells (OPCs), AGPAT4, DNM3, PPP1R12B, PPP2R2B, and LINC00486as biomarkers in PD progression.

Wang S. et al. observed significant distinctions in voxel-wise fractional amplitude of low-frequency fluctuation (fALFF) marker of the spontaneous brain activity within cerebellum and cortices of early stages of MSA-P and PD.

According to their two-sample bidirectional Mendelian randomization (MR) analysis Lv et al. did not identify significant associations of oxidative stress biomarkers such catalase, glutathione peroxidases, superoxide dismutase, vitamins A-C-E-B12, folate, copper, or iron with PD.

Hu et al. suggested that longer anticipatory postural adjustment (APA2) duration was associated with increased risk of falls, as a potential biomarker for disease progression.

According to Yusufujiang et al. cathepsin B exert a neuroprotective effect and could be used as a predictive biomarker for PD vulnerability, offering novel perspectives into the disease's etiology and potential treatments.

Wang M. et al. marked and optically scanned blood vessels and astrocytes in the SN area of PD mice in order to investigate the alterations in the neurovascular unit (NVU) in the SN area. The SN region's glial cell, dopaminergic neuron, and blood vascular interconnection, together with modifications in their spatial positional correlations, may function as a biomarker of PD progression.

By using aceRNA regulatory network, Chun and Kim suggested 36 plasma lncRNAs as diagnostic biomarkers involved in PD pathogenesis, which regulate gene expression in the SN of the brain.

Together, these studies highlight the importance of combination of biomarkers and risk variables into predictive models, improving early diagnosis and monitoring of PD. Sme of them may serve as diagnostics (lncRNAs, P1 amplitude) or predictive (NVU, cathepsin B, APA2, and circadian rhythm genesAK3) may shed novel light on the pathogenesis of PD.



4 Innovative therapeutical approaches for PD

Both pharmaceutical and non-pharmacological (cognitive training, physical activity, and dietary changes) treatments are used to treat PD symptoms (Degirmenci et al., 2023; Ernst et al., 2024). Seven promising approaches were also highlighted by this Research Topic.

Wu Z. et al. suggests manual acupuncture combined with antidopaminergic treatment may ameliorate anxiety in PD patients, but low quality RCTs and the lack of significant effects of electroacupuncture warrant more prospective studies.

Fu et al. offer preliminary insights into the mechanism of transcutaneous auricular vagus nerve stimulation (taVNS) in treating PD. TaVNS appears to reduce whole-brain amplitude of low-frequency fluctuations in specific brain regions, suggesting a potential modulation mechanism for treating PD.

HongFei et al. found that archery, cycling, and dual rhythm dance are effective for motor function in individuals with early- to middle-stage PD. Their study provided a reference for healthcare practitioners in choosing exercise programs to improve cardiovascular health and quality of life.

Izquierdo-Altarejos et al. showed that Golexanolone, a well-tolerated GABAA receptor-modulating steroid antagonist (GAMSA), may be useful in improving motor incoordination, fatigue, anxiety, depression, and short-term memory. Notably, golexanolone reduced the activation of microglia and astrocytes, decreased TH loss 5 weeks postoperatively, and prevented the increase of a-synuclein levels at 10 weeks.

Feng et al. suggested fecal microbiota transplantation (FMT) as a potential PD treatment. FMT can rebuild the gut microbiota by alleviating oxidative stress, thereby reducing motor and non-motor symptoms of patients with PD.

Ullah et al. found that nicotine increased neuroprotection and reduced α-synuclein accumulation in 6-OHDA-treated nematodes. This natural compound also boosted lipid deposition, food sensing behavior, SOD-3, and Daf-16 fluorescence. Zhang Y. et al. showed that acupuncture, cognitive behavioral therapy, exercise and repetitive transcranial magnetic stimulation significantly improved sleep, depression, anxiety, cognition, constipation, and quality of life of PD patients.

Studies suggest personalized pharmaceutical and non-pharmacological therapies for PD, with nicotine, Golexanolone, taVNS, acupuncture, and FMT showing promising antiparkinsonian properties, by modulating brain activity. Further research is needed to validate their sustainability, safety, and effectiveness.



5 Applying bibliometric analysis to reveal current research

Bibliometric analysis is a systematic approach to evaluating scientific literature and detecting patterns, and effects by using quantitative tools to filter data from relevant sources (Passas, 2024). This Research Topic includes two bibliometric studies that significantly expand their respective fields.

Wang Y. et al. conducted the first comprehensive bibliometric analysis of PD transcriptomics research. Research hotspots including novel machine learning applications and biomarkers demonstrate advances in translational science. However, poor biomarker validation is a major limitation.

Wu J. et al. performed a bibliometric analysis to investigate the research hotspots on PD related psychosis (PDP), such as pimavanserin, risk factors, and functional connectivity. Novel 5-HT2A receptor inverse agonists and mGlu2 agonists are being thoroughly examined in the field of new drug development.



6 Conclusion

This Research Topic combines important studies on the risk factors, treatments, biomarkers, and bibliometric analysis. The results of these studies provide a useful guide for clinicians in their practice and to suggest targets for researchers in developing new diagnostics and therapeutic strategies.
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Background: Previous genome-wide association studies investigating the relationship between the HLA-DRB1 and the risk of Parkinson’s disease (PD) have shown limited racial diversity and have not explored clinical heterogeneity extensively.
Methods: The study consisted of three parts: a case–control study, a cross-sectional study, and a longitudinal cohort study. The case–control study included 477 PD patients and 477 healthy controls to explore the relationship between rs660895 and PD susceptibility. The cross-sectional study utilized baseline data from 429 PD patients to examine the correlation between rs660895 and PD features. The longitudinal study included 388 PD patients who completed a 3-year follow-up to investigate the effects of rs660895 on PD progression.
Results: In the case–control study, HLA-DRB1 rs660895-G allele was associated with a decreased risk of PD in allele model (adjusted OR=0.72, p = 0.003) and dominant model (AG + GG vs. AA: adjusted OR = 0.67, p = 0.003). In the cross-sectional analysis, there was no association between rs660895 and the onset age, motor phenotype, or initial motor symptoms. In the longitudinal analysis, PD patients with the G allele exhibited a slower progression of motor symptoms (MDS-UPDRS-III total score: β = −5.42, p < 0.001, interaction ptime × genotype < 0.001) and non-motor symptoms (NMSS score: β = −4.78, p = 0.030, interaction ptime × genotype < 0.001).
Conclusion: Our findings support HLA-DRB1 rs660895-G allele is a protective genetic factor for PD risk in Chinese population. Furthermore, we also provide new evidence for the protective effect of rs660895-G allele in PD progression.

Keywords
 Parkinson’s disease; single nucleotide polymorphism; HLA-DRB1
; disease susceptibility; disease progression


1 Introduction

Parkinson’s disease (PD) is a multifactorial neurodegenerative disease characterized by complex pathogenesis. The pathophysiology of PD involves dopaminergic neuron death and α-synuclein accumulation (Lewy bodies) (Bloem et al., 2021). The study conducted by von Bernhardi et al. has revealed that enhanced microglial activation along with neuroinflammatory processes in the brain contributes to the progression of PD (von Bernhardi et al., 2015). Abnormalities in the peripheral immune system may drive onset and progression of PD by facilitating the immune cells infiltration and neuroinflammation in the central nervous system (Tansey and Romero-Ramos, 2019; Yan et al., 2021). Moreover, previous genome-wide association studies (GWAS) have identified numerous potential genetic loci associated with immune-inflammatory mechanisms, which may be strongly linked to susceptibility to PD (Satake et al., 2009; Simón-Sánchez et al., 2009; Nalls et al., 2019). This series of evidence from genetics and immunology further supports the involvement of immune-inflammatory mechanisms in PD (Simón-Sánchez et al., 2009; Herrero et al., 2015).

Human Leukocyte Antigen (HLA) gene, located on the major histocompatibility complex (MHC) on chromosome 6, encodes a group of proteins that bind peptides from foreign or self-antigens, such as α-synuclein. This binding allows T cells to recognize and subsequently coordinate the immune response. Previous genetic studies have shown that several single nucleotide polymorphisms (SNPs) in HLA region were associated with PD risk (Hamza et al., 2010; Nalls et al., 2011; Ahmed et al., 2012; Wissemann et al., 2013; Nalls et al., 2014). Particularly, the latest researches highlighted the strong correlation between PD and HLA-DR and HLA-DQ alleles within the HLA class II region (Naito et al., 2021). These specific HLAs may cause peptide-specific T cell responses, thereby involved in the pathogenesis of immune-inflammatory processes (Yu et al., 2021).

Due to geographical differences, there are extensive variations in HLA allele and haplotype frequencies among populations worldwide (Buhler and Sanchez-Mazas, 2011; Fernandez Vina et al., 2012). Previous studies have reported multiple loci in the HLA-DR region associated with PD. One of these loci is the SNP rs660895-G allele in the HLA-DRB1 region, which has been confirmed by multiple studies in the European population (Ahmed et al., 2012; Wissemann et al., 2013; Chuang et al., 2017). Nevertheless, very few studies on the link between HLA-DR gene polymorphisms and PD have been conducted with Asian population (Foo et al., 2020), and the results are not consistent with previous large-scale European GWASs (Ahmed et al., 2012). Additionally, there is currently a scarcity of clinical studies investigating the relationship between the genetic heterogeneity of the HLA-DRB1 gene and the clinical characteristics of PD, particularly in longitudinal studies. Given that, we focused on SNP rs660895 to verify the association of HLA-DRB1 with risk of PD within the Han Chinese population. Furthermore, we aimed to delve deeper into the impact of this loci on the clinical characteristics and the trajectory of disease progression among PD patients.



2 Methods


2.1 Study design and data extraction

This multicenter, retrospective observational study conducted in China comprised three phases:

	a. Case–control study (1st phase): this sub-study assessed the association between HLA-DRB1 rs660895 polymorphism and PD risk in Chinese individuals.
	b. Cross-sectional study (2nd phase): this sub-study investigated the association between clinical characteristics (e.g., onset age, motor phenotypes, and initial motor symptoms) and HLA-DRB1 rs660895 genotypes.
	c. Longitudinal cohort study (3rd phase): this component examined the associations of HLA-DRB1 rs660895 with changes of both motor and non-motor symptom over 3 years.

This study conformed to the code of Ethics of the World Medical Association Declaration of Helsinki and was approved by the Ethics Committee of Fujian Medical University Union Hospital (approval number: 2023KY177) and the Ethics Committee of Xuanwu Hospital of Capital Medical University (approval number: 2020060). All enrolled participants furnished written informed consent, which encompassed written informed consent for genetic studies.

Data for this study were obtained from an existing prospective observational cohort study, including consecutive individuals with PD from the Movement Disorders Clinic at Fujian Medical University Union Hospital (Fuzhou, China) and the Department of Neurology of Xuanwu Hospital of Capital Medical University (Beijing, China) between February 2017 and July 2023. All patients were diagnosed with idiopathic PD by two movement disorder neurologists and met the International Parkinson and Movement Disorder Society (MDS) Clinical Diagnostic Criteria for the clinical diagnosis of PD (Postuma et al., 2015). To minimize the effects of other interference factors, subjects with active or chronic inflammatory, autoimmune diseases, malignancy, immunodeficiency and any other neurodegenerative disorders were excluded from the study.

In the initial phase (the case–control study), alongside 477 PD patients whom were successfully typed for HLA-DRB1 rs660895 and met the inclusion criteria, we also included 477 healthy individuals. These controls, genotyped for SNP rs660895 and devoid of any family history of PD, were randomly selected from 20 community units in Beijing and 5 in Fuzhou between April 2019 and September 2021. The next phase, a cross-sectional cohort study, focused on 429 of the 477 PD patients who had thorough baseline assessment data. These patients, who had complete baseline records and were tracked over a three-year span with annual clinical check-ups, progressed to the longitudinal cohort study. When considering consistent data availability throughout the follow-up, 388 (representing 90.4%) of the initial 429 PD patients were engaged in this longitudinal phase. All research subjects were of Han nationality. A comprehensive overview of the study’s methodology and patient inclusion is provided in Figure 1.

[image: Flowchart comparing a PD cohort to healthy controls. The PD cohort starts with 496 participants, excluding 19, leaving 477. Phase 1 is a case-control study. In Phase 2, 48 are excluded, leaving 429 for a cross-sectional study. Follow-up 1 excludes 6, leaving 423, followed by another exclusion of 9, leaving 414 in Follow-up 2. Finally, 26 more are excluded, leaving 388 for the longitudinal cohort study. The control group begins with 486, excluding 9, resulting in 477.]

FIGURE 1
 Study flow chart and analysis plan.




2.2 Clinical assessment

For each PD patient, a comprehensive clinical evaluation was conducted at baseline and during each annual follow-up visit over a period of 3 years. The data collected included medical history, medication usage, and family history. All participants underwent general medical and neurological examinations. Patients with age at onset ≤ 50 were classified as early-onset PD (EOPD), and age at onset ≥50 years as late-onset PD (LOPD) (Schrag and Schott, 2006). The levodopa equivalent daily dose (LEDD) was calculated based on published recommendations (Tomlinson et al., 2010). The Movement Disorders Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) was used to assess Parkinson’s disease-related signs and symptoms (Goetz et al., 2008). The stage of the disease was categorized according to the modified Hoehn and Yahr stage (H&Y) (Goetz et al., 2004). The off-state Parkinsonian motor symptom progression was evaluated using Part 3 of the MDS-UPDRS. Motor phenotypes were determined based on the MDS-UPDRS score, classifying patients into tremor-dominant phenotype (TD), postural instability gait disorder phenotype (PIGD), or indeterminate phenotype. The ratio of tremor score to PIGD score was used to define patients with TD (ratio ≥ 1.15), patients with indeterminate phenotype (0.9 < ratio < 1.15), and patients with PIGD (ratio ≤ 0.9) (Stebbins et al., 2013). Additionally, cardinal motor features including tremor (items 20 and 21), rigidity (item 22), bradykinesia (items 23–26 and 31), and postural and gait abnormality (items 27–30) were calculated using the MDS-UPDRS for a more detailed assessment (Eisinger et al., 2020). The severity of overall non-motor dysfunction was assessed using the Non-motor Symptoms Scale (NMSS) (Chaudhuri et al., 2007). Global cognitive function was evaluated using the Montreal Cognitive Assessment (MoCA) (Nasreddine et al., 2005), and rapid eye movement sleep behavior disorder (RBD) was screened using the Rapid Eye Movement Sleep Behavior Disorder Screening Questionnaire (RBDSQ) (Stiasny-Kolster et al., 2007). Olfactory impairment was measured using a 12-item Sniffin’ Sticks test (SS-12) (Çomoğlu et al., 2015).



2.3 DNA extraction and genotyping

Genomic DNA was extracted from peripheral venous blood samples of all subjects using the Wizard Genomic DNA purification Kit (Promega, USA). Genotyping of the target SNP was performed using a matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometer on the MassARRAYⓇ Analyzer 4 platform (Sequenom Inc., San Diego, CA, USA). The target SNP call rate was 98.9%. Individuals with discordant gender information were removed. The genotype frequency distribution in the control group was consistent with Hardy–Weinberg Equilibrium (HWE) (p = 0.152, p > 0.05) (Supplementary Table S1). SNP genotyping and data analysis were conducted by CapitalBio Technology Inc., Beijing, China.



2.4 Statistical methods

The Fisher exact test was utilized to test for Hardy–Weinberg equilibrium (HWE). For the case–control analysis of this study, allelic and genotypic frequencies were analyzed using logistic regression analysis to compare PD patients and controls, with adjustments made for age and gender. Comparison of baseline cross-sectional parameters was performed by Student’s t test, the Mann–Whitney rank sum test, or the Chi-square test, as appropriate.

For the longitudinal cohort analysis, generalized linear mixed models (GLMMs) were utilized to evaluate the association between the SNP and changes in clinical characteristics over time. The fixed effects included genotype, time, and the interaction between genotype and time. Subjects were included as random effects. The models were presented as unadjusted model, minimally adjusted model (adjusted for age and gender), and fully adjusted model (adjusted for age, gender, onset age, disease course, and LEDDs). Furthermore, GLMMs with the variance components structure (including the time × genotype interaction term) were used to test the genotype effect on the trajectory of disease progression. p values less than 0.05 were considered statistically significant.

Statistical analysis was performed using IBM SPSS Statistics 24.0 (SPSS, Inc., Chicago, IL, USA), and figures were created using GraphPad Prism 7.0 (GraphPad Software, San Diego, CA, USA).




3 Results


3.1 Association of HLA-DRB1 rs660895 and PD risk in the case–control study

In this study, 477 PD patients (male: 235, female: 242; mean age: 64.1 ± 9.6 years) and 477 healthy controls (male: 207, female: 270, mean age: 64.0 ± 5.7 years) were included. The demographic and clinical characteristics of the study participants in the case–control study are presented in Table 1. The two groups in the case–control study were similar in terms of age at diagnosis, gender, and education level.



TABLE 1 Demographic and clinical characteristics of participants in the case–control study.
[image: Table comparing demographic and clinical characteristics between Parkinson's Disease (PD) and control groups, each with 477 participants. Key metrics include gender distribution, age, education level, age of disease onset for PD, and disease duration. The p-values assess statistical significance, with none showing significant differences at the conventional threshold (p < 0.05).]

In our study, the frequency of the minor G-allele of rs660895 was 0.255 in healthy controls, closed to the 0.240 MAF in 1000 Genomes of East Asian populations (Auton et al., 2015). As shown in Table 2, the frequency of the G allele was significantly lower in individuals with PD compared to the control group (crude OR = 0.72, p = 0.003), indicating that the rs660895-G allele was strongly associated with a reduced risk of PD. This association remained statistically significant even after adjusting for age and gender (adjusted OR = 0.72, p = 0.003). Furthermore, we assessed the association between rs660895 and PD using three different genetic models (co-dominant, dominant and recessive). The results showed significant differences between cases and controls in both the co-dominant model (AG vs. AA: crude OR = 0.67, p = 0.005) and dominant model (AG + GG vs. AA: crude OR = 0.67, p = 0.003). After adjusting for age and gender, the association remained significant in the co-dominant model (AG vs. AA: adjusted OR = 0.68, p = 0.007) and the dominant model (AG vs. AA: adjusted OR = 0.67, p = 0.003). These findings suggest the HLA-DRB1 rs660895-G allele is associated with the lower risk of PD in the Han Chinese population.



TABLE 2 Allele and genotype frequencies in HLA-DRB1 rs660895 in cases and controls.
[image: Table presenting genetic model analysis for allele and genotypes comparing Parkinson's disease (PD) and control groups. Measures include odds ratios with confidence intervals, p-values, and adjustments for gender and age. Statistically significant values (p < 0.05, **p < 0.01, ***p < 0.001) are highlighted in bold.]

In addition, considering that epigenetic modifications are influenced by geographical traits, we conducted a comparative analysis of samples derived from Fuzhou and Beijing populations. The analysis revealed no significant differences in demographics and genotype composition between two groups (Supplementary Table S2). And after adjusting the model based on different centers, consistent protection against the risk of PD was observed with the rs660895-G allele (Supplementary Table S3 for detail).



3.2 Association of HLA-DRB1 rs660895 and clinical profiles of PD in the cross-sectional study

Under the dominant model of rs660895, the baseline cross-sectional study included 429 PD patients who were divided into two HLA-DRB1 genotype groups: the G allele carriers (AG + GG) and the G allele non-carriers (AA). No significant difference in the demographic characteristics between groups. Additional analysis of PD motor characteristics revealed no significant association between rs660895-G allele carrier status and age of onset (p = 0.352), motor phenotype (p = 0.743), or initial motor symptoms (p = 0.293). The detailed data be shown in the Table 3.



TABLE 3 Demographic and clinical characteristics of PD patients under the dominant model for HLA-DRB1 rs660895 in the cross-sectional cohort study (n = 429).
[image: Table comparing demographic and clinical characteristics between G allele carriers (n=169) and non-carriers (n=260). Variables include gender, age, age of disease onset (EOPD, LOPD), disease duration, education, Modified H&Y stages, LEDDs, motor phenotypes (TD, PIGD), initial motor symptoms, MDS-UPDRS-III scores, and non-motor features (NMSS, MoCA, RBDSQ, SS-12 scores). P-values indicate statistical significance of differences across groups.]



3.3 Association of HLA-DRB1 rs660895 and disease progression of PD in the longitudinal cohort study

We further explored the relationship between the rs660895-G allele and disease progression in patients with PD. Under the dominant model, the study included a total of 388 patients with complete data. This comprised of 152 G allele carriers (AG + GG) and 236 G allele non-carriers (AA). There were no significant differences between the two trajectories in demographic and clinical variables at baseline. The retention rate was also similar between G allele carriers (89.9%) and G allele non-carriers (90.8%) (p = 0.776). The participants lost to follow-up had similar baseline characteristics to those who completed the study. Supplementary Table S4 provides a summary of the demographic and clinical parameters of the longitudinal analyzed population at baseline in detail.


3.3.1 Effect of HLA-DRB1 rs660895 on the progression of motor symptoms in PD patients

The results of our study indicated that SNP rs660895-G allele showed a strong influence on the progression of motor symptoms over time. As shown in the three-year trajectories of motor symptoms progression (Figures 2A–E), patients with the G allele had lower MDS-UPDRS-III total score, rigidity subscore, bradykinesia subscore, and axial subscore at the 3rd year follow-up in the unadjusted model (MDS-UPDRS-III total score: p < 0.001; rigidity subscore: p = 0.006; bradykinesia subscore: p = 0.001; axial subscore: p < 0.001), except for tremor subscore (p = 0.090). These associations remained significant even in the minimally adjusted model and the fully adjusted model (Table 4). We further assessed the main effect of time, genotype, and the interaction of time and genotype, showing that the effect of genotype on overall motor symptoms, rigidity, bradykinesia, and axial impairment significantly varied by the time of assessment. Longitudinal analysis showed genotype effect with a significant genotype effect and genotype-by-time interaction on overall motor symptoms and axial impairment (MDS-UPDRS-III total scores: p genotype = 0.032 and p time×genotype < 0.001 in model 2, p genotype = 0.047 and p time×genotype < 0.001 in model 3; Axial subscore: p genotype = 0.040 and p time×genotype < 0.001 in model 1, p genotype = 0.021 and p time×genotype < 0.001 in model 2, p genotype = 0.042 and p time×genotype < 0.001 in model 3). And the genotype-by-time interaction for rigidity and bradykinesia was significant, although there was no significant genotype effect (Rigidity subscores: p time×genotype = 0.011 in model 1, p time×genotype = 0.011 in model 2, p time×genotype = 0.023 in model 3; Bradykinesia subscore: p time×genotype < 0.001 in model 1, p time×genotype < 0.001 in model 2, p time×genotype = 0.002 in model 3). Detailed information about the fixed-effects statistical analyses on motor symptoms is in Supplementary Table S5.

[image: Line graphs A to I show various scores over a three-year follow-up period, comparing G allele carriers (blue) and non-carriers (red). Graphs A, B, C, D, E, and F demonstrate an increase in scores for both groups, with non-carriers generally showing higher increases. Graphs G, H, and I show a decline in scores, with non-carriers typically experiencing a more significant decrease. Statistically significant differences are indicated in some graphs.]

FIGURE 2
 The best-fit trajectories of motor symptom scores and non-motor symptom scores over 3 years in PD patients according to the G allele of HLA-DRB1 rs660895 (in the fully adjusted model). (A) MDS-UPDRS-III total score; (B) tremor subscore; (C) rigidity subscore; (D) bradykinesia subscore; (E) axial score; (F) NMSS score; (G) MoCA score; (H) RBD-SQ score; (I) SS-12 score.




TABLE 4 Changes in motor symptoms and non-motor symptoms scores according to HLA-DRB1 rs660895 genotypes under the dominant model.
[image: A table comparing three models (Model 1, Model 2, Model 3) across different variables at baseline and various follow-up periods (1 year, 2 years, 3 years). Each section shows beta coefficients (β), standard errors (SE), and p-values for variables like MDS-UPDRS-III total score, Tremor subscore, Rigidity subscore, Non-Motor Symptoms Scale (NMSS) score, and others. Significant values are bolded, indicating varying levels of statistical significance. The table includes a note detailing the models and significance levels.]



3.3.2 Effect of HLA-DRB1 rs660895 on the progression of non-motor symptoms in PD patients

As shown in the three-year trajectories of over-all non-motor symptoms progression (Figure 2F), patients with the G allele had lower NMSS score at the 3rd year follow-up (p = 0.0140 in model 1; p = 0.019 in model 2; p = 0.030 in model 3) (Table 4). Longitudinal analysis showed that NMSS score increased with time in two groups (p time < 0.001 in all models). No significant group effect (p genotype > 0.05 in all models), while a significant genotype-by-time interaction effect was found (p time×genotype < 0.001 in all models).

Given the aforementioned results demonstrating the obvious effect of the G allele on the progression of overall non-motor symptoms, subsequent longitudinal analysis was conducted to assess the impact of the G allele status on cognitive impairment, RBD, and olfactory impairment. Our findings revealed significant time effects and time-genotype interactions on the above three aspects, but no significant group effects. Additionally, we observed three-year trajectories of the MoCA and SS-12 scores, which showed that patients with the G allele had better MoCA score (p = 0.012 in model 1; p = 0.005 in model 2; p = 0.018 in model 3) and SS-12 score (p = 0.004 in model 1; p = 0.004 in model 2; p = 0.007 in model 3) (Figures 2G–I; Table 4). It is worth noting that, although there was an interaction effect of genotype and time on RBD, the differences in the RBD-SQ score between different genotype groups did not reach statistical significance at the 3-year follow-up (p > 0.05 in all models) (Figure 2H; Table 4). Detailed information about the fixed-effects statistical analyses on non-motor symptoms is in Supplementary Table S6.





4 Discussion

This study replicated and verified an inverse relationship between HLA-DRB1 rs660895 and susceptibility to PD in Chinese Han population. Importantly, through subsequent gene-based analysis in a 3-year PD cohort, we discovered that the rs660895-G allele may has a protective effect on the longitudinal changes in both motor and non-motor symptoms of PD. This finding demonstrates the potential importance of HLA gene in the long-term progression of PD.

The highly polymorphic HLA gene plays a crucial role in acquired immunity. Several studies have explored the relationship between the HLA gene and PD in recent years (Supplementary Table S7). HLA gene, especially HLA-DRB1, widely regarded relevant to the susceptibility of PD in Caucasian population, although specifics loci differ (Hamza et al., 2010; Guo et al., 2011; Nalls et al., 2011; Ahmed et al., 2012; Wissemann et al., 2013; Nalls et al., 2014; Chuang et al., 2017; Hollenbach et al., 2019; Chang et al., 2020;Naito et al., 2021; Yu et al., 2021; Le Guen et al., 2023). The latest research once again confirmed that specific HLA-DRB1 variants are associated with a reduced risk of PD and suggested that this protective effect is primarily caused by specific amino acid polymorphisms present in most HLA-DRB1*04 subtypes (Naito et al., 2021; Yu et al., 2021; Le Guen et al., 2023). In Asians, the association between HLA and PD in GWASs is much less. Although Naito et al. identified HLA-DRB1 locus (rs504594) associated with HLA-DRB1*04 in East Asians (Naito et al., 2021), it is important to note that this finding was not replicated in two other PD-related GWAS in Asia (Foo et al., 2020; Pan et al., 2023), which did not identify any HLA alleles. Thus, in this study, we focused on the Chinese Han population and conducted a comprehensive analysis to investigate the relationship between PD and rs660896, which has a strong correlation with HLA-DRB1*04. Our findings suggest that the G allele of significantly decreases the risk of PD in different genetic inheritance models, including allele, co-dominant, and dominant models. Particularly in the dominant model, the risk of PD was found to be approximately 33–36% lower compared to the healthy control group. These results confirm the strong correlation between rs660895 and the risk of PD. While this finding appears to be inconsistent with those reported in previous studies in Asian (Foo et al., 2020; Naito et al., 2021), it is consistent with previous studies conducted in Caucasian populations (Ahmed et al., 2012; Chuang et al., 2017).

Moreover, PD is a disorder with a highly variable clinical phenotype. Understanding genetic variants that modify disease presentation and progression is crucial for gaining insights into disease mechanisms and potential therapeutic targets. Unfortunately, subsequent cross-sectional analysis grouped based on the dominant inheritance model has not shown that possessing the rs660896 G allele affects the onset age, motor phenotypes, and initial motor symptoms of PD. Meanwhile, certain studies have identified a temporal longitudinal connection between α-synuclein-specific T cell reactivity and PD (Lindestam Arlehamn et al., 2020). Thus, considering the positive effect of rs660895 on reducing the risk of PD in this study, we further extended our observations to evaluate whether the rs660895 also affects symptoms progression in our 3-year PD cohort. Notably, our longitudinal study found that HLA-DRB1 rs660895 showed evidence of strong protection against the progression of PD. During the 3-year follow-up period, both G allele carriers and non-carriers generally exhibited a decline in terms of overall motor symptoms (including rigidity, bradykinesia, and axial impairment), overall non-motor symptoms, cognitive impairment, RBD, and olfactory impairment. Nevertheless, PD patients carrying the protective G allele exhibited an obviously slower rate of both motor and non-motor symptoms progression, particularly after the 2nd year of follow-up. This suggests that the beneficial effect of the G allele is continuing, and appears greater for a long-term impact on PD progression over time. This novel evidence highlights the previously unexplored correlation between PD progression and HLA genotypes.

Although the causal role of HLA molecules in the pathogenesis of PD is not fully understood, recent studies have shown that α-synuclein peptides can induce differential T cell reactivity associated with HLA alleles (Sulzer et al., 2017; Lindestam Arlehamn et al., 2020). Yu et al. further conducted trans-ethnic fine-mapping of the MHC region and discovered that HLA-DRB1*04 subtypes (HLA-DRB1 alleles with His13) may have a protective role in the development of PD by reducing the binding affinity to α-synuclein epitopes (Yu et al., 2021). Thus, we hypothesize that the polymorphism of rs660895, which has been previously linked to a strong association with HLA-DRB1*04, could potentially impede T cell activation by altering the binding affinity between HLA-DRB1 molecules and α-synuclein. However, further research is needed to explore the precise amino acid positions and the epitope presentation to α-synuclein peptides.

This study had several noteworthy strengths, limitations and uncertainties. One key strength of our study is that, despite having a smaller sample size compared to previous large-scale GWAS studies, we were able to observe the role of rs660895 in the progression of PD through a longitudinal cohort with an excellent follow-up rate and detailed clinical information. This is a rare opportunity to identify potential protective trends in HLA-DRB1 with disease progression, providing additional clinical support toward the hypothesis that neuroinflammation mediates the progression of PD. Another unique feature of this study is that it analyzed a specific Asian population (i.e., ethnic Han Chinese), a previously under-studied group. Given the limited number of PD-related GWAS studies conducted on Asians, our research contributes to expanding the applicability of previous findings. Specifically, we investigate whether the HLA-DRB1 rs660895 polymorphism has a protective effect on PD in Asian populations.

However, there are limitations to consider in the interpretation of our findings. First, our study only focused on a single SNP, rs660895, located in HLA-DRB1 gene. Although we have discovered an association of rs660895 with the risk and progression of PD, it is still unknown whether we have identified the functional variant. Additionally, due to limitations in follow-up duration and patient compliance issues with genetic testing, we were unable to test other newly discovered potential HLA-related loci and impute and separate the HLA-DRB1*04:05 with other DRB1 variants. It may have influenced our evaluation of the protective strength of rs660895 to some extent, as it is likely that rs660895 is only in linkage disequilibrium with the causal SNP. Hence, future studies should consider conducting a more comprehensive linkage analysis to address this issue. Second, despite many clinical variables, there were no adjustments for multiple comparisons in the longitudinal analyses. It is worth noting that the severity of non-motor symptoms (secondary indicators) is closely associated with motor symptoms (main indicators) (Santos-García et al., 2020). Thus, the results of our longitudinal exploratory study are hypothesis generating and focused on magnitudes of differences rather than statistical significance on disease progression. Additional high quality longitudinal studies are needed to further evaluate this protective effect.

In conclusion, this study comprehensively investigates the relationship between HLA-DRB1 rs660895 and PD in the Han Chinese population. The findings clearly demonstrate that the rs660895-G allele is associated with a decreased risk of PD. Furthermore, the study provides additional evidence suggesting that this allele may contribute to slowing the progression of both motor and non-motor symptoms of PD. Despite some limitations, the findings of this study enhance our understanding of the genetic factors underlying PD in the Chinese population and offer a new gene target for therapeutic development.
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Objective: The non-motor symptoms of Parkinson’s disease (PD) are an important part of PD. In recent years, more and more non-drug interventions have been applied to alleviate the non-motor symptoms of PD, but the relevant evidence is limited. This systematic review and meta-analysis was designed to evaluate the efficacy of non-drug interventions in patients with non-motor symptoms in patients with PD.
Methods: Seven databases, including Pubmed, Embease, Cochrane Library, China National Knowledge Infrastructure (CNKI), Wanfang database (WANFANG), VIP database (VIP), and China Biomedical Literature Service System (CBM) were searched from the establishment of the database to December 2023. Non-drug interventions such as acupuncture, cognitive behavioral therapy (CBT), exercise, repetitive transcranial magnetic stimulation (rTMS), and non-motor symptoms of Parkinson’s disease were selected as search words, and two independent evaluators evaluated the included literature’s bias risk and data extraction. The therapeutic efficacy was evaluated by the Parkinson’s Disease Sleep Scale (PDSS), Hamilton Depression Scale (HAMD), Beck Depression Inventory (BDI), Hamilton Anxiety Scale (HAMA), Montreal Cognitive Assessment (MoCA), Minimum Mental State Examination (MMSE), and Parkinson’s Disease Questionnaire-39 (PDQ-39). RevMan 5.4.1 (Reviewer Manager Software 5.4.1). Cochrane Collaboration, Oxford, United Kingdom analyzed the data and estimated the average effect and the 95% confidence interval (CI). A heterogeneity test is used to assess differences in the efficacy of different non-drug treatments.
Results: We selected 36 from 4,027 articles to participate in this meta-analysis, involving 2,158 participants. Our combined results show that: PDSS: [mean difference (MD) = −19.35, 95% CI (−30.4 to −8.28), p < 0.0006]; HAMD: [MD = −2.98, 95% CI (−4.29 to −1.67), p < 0.00001]; BDI: [MD = −2.69, 95% CI (−4.24 to 4.80), p = 0.006]; HAMA: [MD = -2.00, 95% CI (−2.83 to −1.17), p < 0.00001]; MMSE: [MD = 1.20, 95% CI (0.71 to 1.68), p < 0.00001]; CoMA: [MD = 2.10, 95% CI (−0.97 to 3.23), p = 0.0003]; PDQ-39: [MD = −4.03, 95% CI (−5.96 to −1.57), p < 0.00001].
Conclusion: The four non-drug measures used in our review showed significant improvements in sleep, depression, anxiety, cognition, constipation, and quality of life compared with the control group, and no serious adverse events were reported in the included research evidence, and we found that there were some differences among the subgroups of different intervention methods, but due to the less literature included in the subgroup, and the comparison was more indirect. So, we should interpret these results carefully.
Systematic review registration: www.crd.york.ac.uk/PROSPERO, identifier CRD42023486897.
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Introduction

Parkinson’s disease (PD), first described in 1817, has developed into the second most common neurodegenerative disorder (Jankovic, 2008). The onset age of the disease is mainly between 65 and 70 years old, and the prevalence rate increases with age. Studies have shown that the prevalence and incidence of Parkinson’s disease will increase by more than 30% by 2030, which will lead to more and more elderly who have Parkinson’s disease, increasing the burden and cost to society and families (Stoker and Greenland, 2018). Genetic studies of PD show that a mutation in a pathogenic gene can only explain a small part of the cause of PD, while the etiology of most sporadic cases is still unknown (Tysnes and Storstein, 2017). The pathological feature of PD is the degeneration and loss of dopaminergic neurons in the substantia nigra, which will lead to damage to the basal ganglion and its nerve loop, which will directly affect motor function regulation in patients with PD (Assogna et al., 2020). The diagnosis of PD mainly depends on clinical symptoms such as rest tremors, bradykinesia, muscle rigidity, abnormal posture, and gait instability, etc. In addition, drugs for Parkinson’s disease treatment primarily focus on typical motor symptoms, such as increasing dopamine levels and stimulating dopamine receptors, or offering symptomatic relief with medications like levodopa, amantadine (Marsili et al., 2018). These medications often require long-term use. However, the decline resulting from prolonged treatment will indirectly increase the likelihood of non-motor symptoms in individuals with PD and add to the burden on caregivers. It has been reported that non-motor symptoms in patients with PD usually precede motor symptoms for years or even decades and may progress with the deterioration of motor symptoms (Sveinbjornsdottir, 2016). Common non-motor symptoms of PD include hyposmia, color vision deficiency, hallucinations, pain, anxiety, cognitive dysfunction, dementia, sleep disturbance, and bladder hyperreflexia (Lotankar et al., 2017). In our review, cognitive impairment, sleep status, depression and anxiety, and the quality of life of patients with PD were reported. Other studies have shown that 20% of PD patients will show obvious non-motor clinical symptoms; although the current research continues to deepen the understanding of non-motor symptoms, the timely diagnosis is still lagging. Moreover, finding appropriate treatment methods is still the biggest potential obstacle (Schapira et al., 2017). At present, non-motor symptoms are mostly treated with symptomatic drugs, such as antidepressant drugs and anti-anxiety drugs, but long-term use of such drugs will produce a certain degree of drug resistance. The progression of non-motor symptoms will be further reflected in the impact on the quality of life of patients (Assogna et al., 2020).

In our review, acupuncture, cognitive behavioral therapy, exercise and repetitive transcranial magnetic stimulation were selected as the main non-drug interventions. Clinical studies on non-motor symptoms of PD were screened to compare and evaluate the efficacy of a variety of non-drug methods, in order to provide evidence-based basis for clinical practice to choose the best non-drug treatment. Acupuncture, an important means of treatment in Chinese traditional medicine, is an important part of complementary and alternative therapy. A large number of studies have been carried out on the application of acupuncture in the treatment of motor dysfunction caused by central and peripheral neuropathy (Liu et al., 2017; Yang et al., 2023a,b). In addition, it has been reported that acupuncture can affect the corresponding neurotransmitters and endogenous substances by stimulating special acupoints of the body, and can act on targeted neurons and synaptic remodeling or immune response to relieve symptoms such as insomnia and depression (Yin et al., 2017). In the current clinical research, acupuncture has achieved considerable effect in improving motor symptoms and non-motor symptoms of PD, and many positive results of related potential mechanisms have been reported in acupuncture intervention PD animal model (Zeng and Zhao, 2016; Yu et al., 2020).

Cognitive behavioral therapy (CBT) is a psychosocial intervention designed to improve mental health and regulate emotions. It is a short, problem-oriented approach that helps patients identify and correct dysfunctional thoughts, assumptions, and behavioral patterns (Hofmann et al., 2012). In one meta-analysis, CBT had a large effect on depression (Yarwood et al., 2023), while in another randomized controlled trial, the CBT group reduced depressive or anxiety symptoms, although it lacked large-scale clinical controlled trials, but showed great potential (Carney et al., 2017).

In our review, Chinese traditional exercise methods such as Tai Chi, Qigong and Western exercises such as yoga are included in exercise therapy. This kind of exercise combines balance, flexibility and neuromuscular coordination with cognitive activities to improve the motor and non-motor symptoms of patients with PD by improving physical awareness, concentration, imagery, multitasking and planning and goal-oriented training (Deuel and Seeberger, 2020). With the intervention of exercise therapy, the improvement of motor symptoms (such as balance, gait) and non-motor symptoms (cognition, depression) of PD patients can significantly improve their quality of life (Song et al., 2017; Tang et al., 2019).

Repetitive transcranial magnetic stimulation (rTMS), a non-invasive, highly tolerant treatment, mainly stimulates nerve tissue and regulates nerve activity by inducing magnetic field to generate spatially distributed current through the surrounding medium. The evidence-based guidelines used in the treatment of rTMS show that rTMS is considered to be a significant intervention for PD, motor symptoms of stroke, cognitive impairment of Alzheimer’s disease, anxiety and depression and other mental symptoms (Lefaucheur et al., 2020). The efficacy of fluoxetine and rTMS was compared in a randomized, blind, clinical trial. The results show that rTMS can be safely used in the treatment of depressive symptoms in patients with PD (Boggio et al., 2005).



Methods

This systematic review and meta-analysis was performed according to Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Moher et al., 2009).


Literature search and selection

We have systematically searched the literature from the establishment of the database to December 2023 in English and Chinese, including seven databases: 3 English databases PubMed, Embase, and Cochrane Central Register of Controlled Trials and 4 Chinese databases: China National Knowledge Infrastructure (CNKI), Wanfang database (WANFANG), VIP database (VIP) and Chinese Biomedical Literature Service system (CBM). Search strategies are mainly composed of diseases (“Parkinson’s disease,” “Parkinsonism”), interventions (“Non-pharmacological therapies,” “non-drug therapies,” “acupuncture,” “repetitive transcranial magnetic stimulation,” “cognitive therapy,” “cognitive behavior therapy,” “exercise therapy,” “exercise therapy,” “Tai Ji,” “Qigong,” “dance”) and research types (“randomized controlled trial”). “RCT” consists of three parts. Medicine terms determine the subject words by searching MeSH and Emtree and using the combination of topic words and free words to form the final search. See Appendix 1 for the specific search. In addition, we also searched the meta-analysis related to this topic and downloaded and read the reference literature to get all the information.



Eligible criteria

We searched only RCT studies published in peer-reviewed journals, and the inclusion criteria of this study were determined according to the PICOS principles.

P (participants): participants met the clinical criteria for PD with obvious non-motor symptoms such as sleep disorders, cognitive impairment, mental disorders including anxiety and depression, autonomic symptoms including constipation, etc. the diagnostic criteria of PD can be referred to the internationally recognized consensus criteria such as the British Parkinson’s Society Brain Bank criteria (Rajput, 1993) or the International Movement Disorder Society (MDS) versions of the Unified Parkinson’s published by MDS. The Disease rating Scale (Movement Disorder Society Task Force on Rating Scales for Parkinson’s Disease, 2003) and the Chinese diagnostic criteria for Parkinson’s disease (Parkinson’s Disease and Movement Disorders Group, Chinese Society of Neurology, Parkinson’s Disease and Movement Disorders, Neurology Branch of Chinese Medical Doctor Association, 2016). The age of the participants is more than 18, but their sex, race and course of disease are not restricted.



Exclusion criteria

	1. Duplicate literature.
	2. Non RCT, animal experiment, meta-analysis, review, conference and dissertation.
	3. The pre-intervention method of the experimental group was more than two kinds of composite intervention methods.
	4. The study participants were combined with other severe diseases, such as stroke, Alzheimer’s disease, and other diseases that share symptoms with PD.
	5. The outcome indicators did not meet the needs of this study and the literature data were incomplete or could not be obtained complete data.



Outcome measures

O (outcome): select the corresponding evaluation method for the non-motor symptoms of the participants. Hamilton Depression Scale (HAMD) and Beck Depression Inventory (BDI) were used to evaluate the depression of participants. Hamilton Anxiety Scale (HAMA) was used to evaluate anxiety symptoms. The Montreal Cognitive Assessment (MoCA) and Minimum Mental State Examination (MMSE) assessed participants’ cognitive function. Parkinson’s Disease Sleep Scale (PDSS) was used to evaluate participants’ sleep problems. The secondary outcome measures included the Parkinson’s Disease Questionnaire-39 (PDQ-39).



Literature screening and data extraction

Two evaluators (YuZ and SL) use Endnote 20 to screen and review the literature, conduct a preliminary literature screening through the title and abstract, and then obtain the full text of the qualified papers for secondary screening. If the literature data is missing, contact the author through e-mail or telephone to obtain complete data, and finally, determine the inclusion of the literature and extract the relevant data included in the literature. It includes research characteristics such as study author, publication year, research source, clinical characteristics such as age, sex, number of cases, course of disease, intervention mode of experimental group/control group, and outcome index. Study screening and data extraction results were cross-checked, and any discrepancies were resolved through discussion with a third author (SW). Each study’s primary and secondary outcomes were extracted as mean and standard deviation (mean ± SD). If the study measured the outcome data at different time points, the data immediately after the intervention were used.



Bias risk assessment

The two evaluators (YuZ and SL) used the Cochrane Collaboration Network bias risk assessment tool version 5.0.2 to evaluate the quality of the methodology included in the study. The risk tool includes seven important sources of bias (selective bias, implementation bias, measurement bias, follow-up bias, reporting bias, and other biases). It is described as “low risk,” “high risk,” and “risk ambiguity.” If any differences arise, the third evaluator (SW) will negotiate and resolve them. When any scale had more than 10 eligible studies, funnel plot was used to detect publication bias.



Statistical analysis

We compared the results of similar non-drug interventions and conducted a meta-analysis using RevMan5.4.1 (Reviewer Manager Software 5.4.1; Cochrane Collaboration, Oxford, United Kingdom). For the data of the study’s results as continuous variables, the mean ± standard deviation or standardized mean deviation and 95% confidence interval (CI) were used for data analysis, and I2 statistics and p-values were used to evaluate heterogeneity. If I2 > 50% or p < 0.1, it is considered that there is substantial heterogeneity among the studies, and if I2 > 75%, there is significant heterogeneity. When there is significant heterogeneity, we will find the source of heterogeneity through subgroup analysis and sensitivity analysis. Subgroup analysis and sensitivity analysis were carried out according to the mode of intervention. If I2 > 50%, use the random effect model; otherwise, use the fixed effect model to analyze the data. If the number of studies included is minimal or the data is unsuitable for quantitative synthesis, the results are descriptively analyzed.




Results

According to the retrieval strategy, 4,027 articles, 1,957 in English and 2,070 in Chinese, were retrieved from 7 databases, and the full text was further searched. After screening according to the inclusion and exclusion criteria, 36 articles were included in the systematic review. Thirty-five articles were analyzed quantitatively, and one was systematically evaluated. See Figure 1 for details. There were 23 English articles, 13 Chinese articles, and randomized controlled trial (RCT) = 36, involving 2,158 patients. Non-drug interventions include acupuncture = 8 (Xia et al., 2012; Kluger et al., 2016; Kong et al., 2017; Zhang et al., 2018, 2020; Fan et al., 2022; Han et al., 2022), CBT = 11 (Veazey et al., 2009; Dobkin et al., 2011; París et al., 2011; Petrelli et al., 2014; Bernini et al., 2019; Rodgers et al., 2019; Dobkin et al., 2020; Moonen et al., 2021; Fan et al., 2022; Yang et al., 2023a,b), exercise = 10 (Rios Romenets et al., 2015; Ferreira et al., 2018; Wu et al., 2018; Kalyani et al., 2019; Solla et al., 2019; Moon et al., 2020; Zhu et al., 2020; Cao et al., 2021; Wang et al., 2022; Xi and Bi, 2022), rTMS = 7 (Cardoso et al., 2008; Su et al., 2012; Wu et al., 2019; Li et al., 2020; He et al., 2021; Chen et al., 2022; Cheng et al., 2022), the intervention of the control group mainly included sham stimulation or placebo, waitlist, routine treatment of treatment as usual (TAU), such as Clinical Monitoring, standard physical rehabilitation, antiparkinson drugs, etc. The sources of literature are mainly concentrated in Asia (Su et al., 2012; Xia et al., 2012; Zhou et al., 2014; Kong et al., 2017; Pan, 2018; Wu et al., 2018; Zhang et al., 2018; Wu et al., 2019; Li et al., 2020; Zhang et al., 2020; Zhu et al., 2020; Cao et al., 2021; He et al., 2021; Chen et al., 2022; Cheng et al., 2022; Fan et al., 2022; Han et al., 2022; Lu et al., 2022; Wang et al., 2022; Xi and Bi, 2022; Yang et al., 2023a,b), North America (Veazey et al., 2009; Dobkin et al., 2011; Rios Romenets et al., 2015; Kluger et al., 2016; Dobkin et al., 2020; Moon et al., 2020), Europe (París et al., 2011; Petrelli et al., 2014; Bernini et al., 2019; Solla et al., 2019), Oceania (Kalyani et al., 2019; Rodgers et al., 2019; Moonen et al., 2021), South America (Cardoso et al., 2008; Ferreira et al., 2018). See Table 1 for details.

[image: Flowchart depicting the process of identifying and screening studies for inclusion in a review. It starts with records identified via databases and registers totaling 3,737, with 1,877 duplicates removed. After screening 1,817 records, 1,502 were excluded. This leaves 315 reports sought for retrieval, but none were not retrieved. From the reports assessed for eligibility (30), 98 were excluded due to intervention, 119 for outcomes, 20 for protocol, 11 for patents, 30 for study design, and 7 for data scarcity. An additional 6 records were identified through citation searching, with none excluded, leading to 36 new studies included in the review.]

FIGURE 1
 Flow chart of study selection.




TABLE 1 Characteristics of the included clinical trials involving non-pharmacological therapies for Parkinson’s disease.
[image: A comprehensive table comparing various studies on interventions for Parkinson’s disease. It includes columns for references, years, countries, age, sex, sample size, participant and disease characteristics, intervention types, and measured outcomes. The data encompasses demographics across multiple countries, intervention methods like acupuncture and drug treatments, and outcomes such as the Parkinson’s Disease Questionnaire (PDQ-39) scores, Hamilton Depression Rating Scale (HAMD), and others. The table provides detailed insights into the effects of different treatments on Parkinson’s disease.]


Risk of bias

In this review, the Cochrane risk assessment tool (Higgins and Green, 2011) was used to analyze the risk level of the included studies. Among the included studies, 33 studies explained or described the randomization method in detail, and 3 studies only showed the word “randomized” or did not describe the randomization method. Only seven studies described allocation concealment methods in detail. “Because of the specificity of nonpharmacological interventions, blinding of patients or intervenors is difficult, and 27 studies were described as high risk, with unknown risk due to only the use of blinding or uncertainty about the reliability of such interventions in blinding patients.” The included studies either did not drop out patients, or all included detailed reasons for dropout, and the other 23 studies were mainly judged as uncertain risk of bias in terms of other biases because there was not enough information to judge whether there was a significant risk of bias in these studies, see Figures 2, 3.

[image: Bar chart showing risk of bias in seven categories: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other bias. Each category is rated as low, unclear, or high risk, denoted by green, yellow, and red, respectively.]

FIGURE 2
 The risk of bias in the included studies.


[image: A risk of bias assessment table for multiple studies, listing authors and years in rows. Each study is evaluated for several biases: random sequence generation, allocation concealment, blinding, incomplete outcome data, selective reporting, and other bias. Green circles indicate low risk, red circles indicate high risk, and yellow circles with question marks indicate unclear risk.]

FIGURE 3
 Risk of bias summary: each risk of bias item for each included study. CBT, cognitive behavioral therapy; rTMS, repetitive transcranial magnetic stimulation.




Sleep symptoms in PD

Five studies selected PDSS score to evaluate the improvement of sleep symptoms in PD patients after intervention, involving a total of 413 patients. Compared with the control group, the PDSS score of the experimental group was significantly improved [MD = −19.35, 95% CI (−30.4 to −8.28), p < 0.0006], and there was significant heterogeneity (χ2 = 75.02, p < 0.00001, I2 = 95%). There was no significant difference between the subgroups (χ2 = 0.25, p = 0.88, I2 = 0%). Subgroup analysis showed significant differences between the CBT subgroup [MD = −16.90, 95% CI (−25.13 to −8.67), p < 0.0001] and the control group; there was no significant difference between the acupuncture subgroup [MD = −16.01, 95% CI (−33.69 to 1.67), p = 0.08] and the rTMS subgroup [MD = −23.77, 95% CI (−51.01 to 3.48), p < 0.09] compared to the control group. The 5 included studies were excluded in turn, there was no significant change in effect size and heterogeneity, suggesting that the combined results were relatively robust. See Figure 4 for details.

[image: Forest plot analyzing the effects of acupuncture, CBT, and rTMS on a specific outcome. Three subgroups are listed: acupuncture, CBT, and rTMS, with two studies each. Diamonds represent overall results, with larger diamonds indicating overall effect sizes. Mean differences are plotted with 95% confidence intervals. Results suggest varying levels of effectiveness for each intervention, with acupuncture and CBT showing significant effects, while rTMS is less conclusive.]

FIGURE 4
 Comparison of non-pharmacological therapies in terms of PDSS. CBT, cognitive behavioral therapy; rTMS, repetitive transcranial magnetic stimulation.




Depressive symptoms in PD

Sixteen studies selected HAMD scores to evaluate the improvement of depressive symptoms in PD patients after intervention. A total of 1,044 patients were involved. Compared with the control group, the HAMD score of the experimental group was significantly lower [MD = −2.98, 95% CI (−4.29 to −1.67), p < 0.00001], and there was significant heterogeneity (χ2 = 142.71, p < 0.00001, I2 = 89%). There was no significant difference between the subgroups (χ2 = 5.53, p = 0.14, I2 = 45.8%). In the subgroup analysis, there was no significant difference between the acupuncture subgroup [MD = −2.63, 95% CI (−7.83 to 2.56), p = 0.32] and the control group. CBT [MD = 4.46, 95% CI (5.85 to 3.06), p < 0.00001], Exercise [MD = 1.52, 95% CI (5.73 to 2.69), p = 0.048], rTMS [MD = 1.96, 95% CI (3.75 to −0.18), p = 0.03], there were significant differences compared with the control group. The 16 included studies were excluded sequentially, and the effect size and heterogeneity did not change significantly. Excluding (Li et al., 2020), the effect size and heterogeneity of the rTMS subgroup changed significantly (I2 change >20%) (χ2 = 17.48, p = 0.12, I2 = 49%). The effect size and heterogeneity did not change significantly when each subgroup was sequentially excluded according to the subgroup classification unit. Combined with funnel plot analysis, the 16 included studies had minor publication bias in terms of HAMD scores. See Figures 5, 6 for details.

[image: Forest plot compares mean differences of four interventions: acupuncture, CBT, exercise, and rTMS against control groups for pain relief. Studies are listed with means, standard deviations, and weights. Acupuncture and CBT show significant negative mean differences favoring experimental, while rTMS shows smaller effects. Exercise has the least effect. Diamonds represent overall effects, with confidence intervals crossing zero in some cases. Heterogeneity statistics are included.]

FIGURE 5
 Comparison of non-pharmacological therapies in terms of HAMD. CBT, cognitive behavioral therapy; rTMS, repetitive transcranial magnetic stimulation.


[image: Funnel plot showing the standard error versus mean difference for different subgroups. Symbols indicate various treatments: circles for acupuncture, diamonds for CBT, squares for exercise, and triangles for rTMS. The plot displays symmetry around the dashed central line, suggesting lack of publication bias.]

FIGURE 6
 HAMD funnel plot.


In addition, 5 studies selected BDI scores to evaluate the improvement of depressive symptoms in PD patients after intervention. A total of 233 patients were involved. Compared with control group, experimental group BDI score significantly reduced [MD = 2.69, 95% CI (4.24 to 4.80), p = 0.006], no significant heterogeneity (χ2 = 7.86, p = 0.1, I2 = 49%). There was also no significant heterogeneity between subgroups (χ2 = 4.65, p = 0.1, I2 = 57%). In the subgroup analysis, there was a significant difference between the CBT subgroup [MD = −4.42, 95% CI = (−6.91 to −1.92), p = 0.0005] and the control group. Exercise [MD = 0.40, 95% CI (4.57 to 3.77), p = 0.85], rTMS [MD = 0.28, 95% CI (4.24 to 4.80), p = 0.90], there was no significant difference compared with the control group. The 5 included studies were excluded in turn, there was no significant change in effect size and heterogeneity. After replacing the random effect model, the effect size of the experimental group [MD = −2.26, 95% CI (−5.10 to 0.58), p = 0.12] was not significantly different from that of the control group. The combined results of the two combined effect models were inconsistent, suggesting the lack of robustness of the combined results. See Figure 7 for details.

[image: Forest plot depicting a meta-analysis comparing the effects of three interventions: CBT, exercise, and rTMS on 118 experimental and 115 control participants. The mean differences and confidence intervals are shown with diamonds and squares: CBT shows a significant negative mean difference favoring the experimental group. Exercise and rTMS show non-significant effects. Subtotal and total effects indicate varied heterogeneity, with overall effect significant at P = 0.006.]

FIGURE 7
 Comparison of non-pharmacological therapies in terms of BDI. CBT, cognitive behavioral therapy; rTMS, repetitive transcranial magnetic stimulation.




Anxiety symptoms in PD

Nine studies selected the HAMA score to evaluate the improvement in anxiety symptoms in PD patients after the intervention. A total of 587 patients were involved. Compared with the control group, the HAMA score was significantly lower [MD = −2.00, 95%CI (−2.83 to −1.17), p < 0.00001] with some heterogeneity (χ2 = 23.23, p = 0.003, I2 = 66%). There was also some heterogeneity between the subgroups (χ2 = 7.75, p = 0.05, I2 = 61.3%). Subgroup analysis revealed that Acupuncture subgroup [MD = −0.78, 95% CI (−2.53 to 0.97), p = 0.38], Exercise Subgroup [MD = -0.03, 95% CI (−2.04 to 2.10), p = 0.98], rTMS subgroup [MD = 1.90, 95% CI (−4.07 to 0.27), p = 0.09], there was no significant difference compared with the control group; The CBT subgroup [MD = −2.57, 95% CI (−3.33 to −1.82), p = 0.0001], significant differences were observed when compared with the control group. The 9 included studies were excluded sequentially, exclusion (Li et al., 2020), combined effect size [MD = −2.22, 95% CI (−3.05 to −1.39), p < 0.00001] and heterogeneity (χ2 = 14.60, p = 0.04, I2 = 52%) changed significantly. This suggests that the combined results lack robustness. See Figure 8 for details.

[image: Forest plot displaying meta-analysis results for various interventions: acupuncture, CBT, exercise, and rTMS. Each intervention lists studies with mean differences and confidence intervals favoring control or experimental groups. Diamonds represent overall effects with statistical metrics, including heterogeneity tests and overall effect significance. Subgroup results indicate varied heterogeneity and overall effects.]

FIGURE 8
 Comparison of non-pharmacological therapies in terms of HAMA. CBT, cognitive behavioral therapy; rTMS, repetitive transcranial magnetic stimulation.




Cognitive symptoms in PD

CoMA scores, as one of the main cognitive assessment tools for PD patients, eight studies selected CoMA scores to evaluate the improvement of cognitive function in PD patients after intervention. A total of 288 patients were involved. Compared with the control group, the CoMA score of the experimental group was significantly higher [MD = 2.10, 95% CI (−0.97 to 3.23), p = 0.0003], and there was significant heterogeneity (χ2 = 21.08, p = 0.004, I2 = 67%). There were significant differences between subgroups (χ2 = 14.70, p = 0.0006, I2 = 86.4%). Subgroup analysis showed that significant differences existed between the CBT subgroups [MD = 4.41, 95%CI (2.39 to 6.43), p < 0.0001], Exercise subgroups [MD = 1.09, 95% CI (0.38 to 1.81), p = 0.003], rTMS subgroups [MD = 3.98, 95% CI (2.00 to 5.95), p < 0.0001] compared to the control group. The 8 studies that were included were excluded sequentially, and the effect size and heterogeneity did not change significantly. This suggests that the pooled results are robust. See Figure 9 for details.

[image: Forest plot comparing mean differences between experimental and control groups across different interventions: CBT, Exercise, and rTMS. Each study's data is presented, with green squares indicating point estimates and horizontal lines showing confidence intervals. Diamonds represent pooled estimates. Results generally favor the experimental group.]

FIGURE 9
 Comparison of non-pharmacological therapies in terms of CoMA. CBT, cognitive behavioral therapy; rTMS, repetitive transcranial magnetic stimulation.


In addition, eight studies selected MMSE scores to evaluate the recovery of cognitive function in PD patients after intervention. A total of 373 patients were involved. Compared with the control group, the MMSE score of the experimental group was significantly improved [MD = 1.20, 95% CI (0.71 to 1.68), p < 0.00001], and there was no significant heterogeneity (χ2 = 9.05, p = 0.25, I2 = 23%). There was no heterogeneity between subgroups (χ2 = 1.68, p = 0.43, I2 = 0%). Subgroup analysis showed significant differences between the CBT subgroup [MD = 1.14, 95% CI (0.53 to 1.76), p = 0.0003] and the rTMS subgroup [MD = 1.68, 95% CI (0.67 to 2.69), p = 0.001] compared to the control group; There was no significant difference between the exercise subgroup [MD = 0.60, 95% CI (−0.73 to 1.93), p = 0.38] and the control group. The 8 studies that were included were excluded sequentially, and the effect size and heterogeneity did not change significantly. After changing the random effect type, the effect size of the experimental group [MD = 1.22, 95% CI (0.66 to 1.79), p < 0.0001] still showed significant differences compared to the control group, with no significant heterogeneity (χ2 = 9.05, p = 0.25, I2 = 23%), indicating that the merged results are relatively robust. See Figure 10 for details.

[image: Forest plot showing the meta-analysis of three interventions: CBT, exercise, and rTMS. Each subgroup includes individual study results with mean differences and 95% confidence intervals. Diamonds represent pooled effect sizes. CBT and rTMS show significant positive effects, while exercise does not. Heterogeneity and overall effect tests are provided for each subgroup and total. Results favor experimental interventions over control.]

FIGURE 10
 Comparison of non-pharmacological therapies in terms of MMSE. CBT, cognitive behavioral therapy; rTMS, repetitive transcranial magnetic stimulation.




Quality of life in PD

Eighteen studies selected the PDQ-39 score to assess the improvement of quality of life in PD patients after intervention. A total of 849 patients were involved. Compared with control group, experimental group PDQ - 39 score decreased significantly [MD = 4.03, 95% CI (5.96 to 1.57), p < 0.00001], no significant heterogeneity (χ2 = 24.04, p = 0.12, I2 = 29%). There was also no significant heterogeneity among the subgroups (χ2 = 4.45, p = 0.22, I2 = 32.6%). Subgroup analysis showed that compared with the control group, the acupuncture subgroup [MD = −3.04, 95% CI (−6.10 to 0.01), p = 0.05], CBT subgroups [MD = 3.54, 95% CI (4.69 to 2.40), p < 0.00001], and Exercise subgroups [MD = 5.63, 95% CI (7.35 to 3.90), p < 0.00001], rTMS subgroups [MD = 3.77, 95% CI (5.96 to 1.57), p = 0.0008], there were significant differences. The 8 studies that were included were excluded sequentially, and the effect size and heterogeneity did not change significantly. After replacing the random effect type, the effect size of the experimental group [MD = −3.96, 95% CI (−5.26 to −2.66), p < 0.00001] was significantly different from that of the control group, and the heterogeneity (χ2 = 24.04, p = 0.12, I2 = 29%) suggested that the combined results were more robust. Combined with funnel plot analysis, the 18 included studies had minor publication bias in terms of PDQ-39 scores. See Figures 11, 12 for details.

[image: Forest plot showing meta-analysis results for acupuncture, CBT, exercise, and rTMS treatments. Each study's mean difference and confidence interval are displayed, with diamonds representing subtotal mean differences. Heterogeneity statistics and overall effect tests are included for each treatment category and combined total.]

FIGURE 11
 Comparison of non-pharmacological therapies in terms of PDQ-39.


[image: Funnel plot displaying the standard error versus mean difference for various subgroups, including acupuncture (red diamonds), CBT (black circles), exercise (green squares), and rTMS (blue triangles). The plot helps assess publication bias by showing study distribution around the effect size. Most points cluster around the zero mean difference line, forming an inverted funnel shape.]

FIGURE 12
 PDQ-39 funnel plot.




Qualitative analysis

Zhang et al. (2018) used acupuncture to treat constipation in PD patients. The control group was treated with electroacupuncture, and the experimental group was treated with conventional acupuncture at Zhigou (TE6) and Zhaohai (KI6). Bristol Stool Scale (Bristol Stool Scale) and Cleveland Clinic Constipation Score (CCS) were used to evaluate the symptoms of constipation after the intervention. After 24 treatments, the two scores in the experimental group were significantly different from the baseline comparison and significantly different from the control group, suggesting that acupuncture is effective for constipation. However, in terms of treating constipation symptoms in PD patients, only one study met the inclusion requirements, so the study was evaluated qualitatively.




Discussion

Studies have shown that non-drug interventions such as complementary or alternative therapy are increasingly used to treat motor symptoms and non-motor symptoms in patients with PD (Ghaffari and Kluger, 2014). Previous reviews primarily focused on specific non-drug means or mainly focused on motor symptoms. This meta-analysis and systematic review comprehensively evaluated four common non-drug treatments, and there were significant improvements in 8 outcomes. Due to the particularity of acupuncture and exercise intervention, it is challenging to implement in the field of the blind method. However, in other areas, the four interventions reflect a higher research quality, which helps reduce the methodological heterogeneity of the research. However, this study focused on the effect of non-drug therapy on PD patients, and there is a lack of large-scale and high-quality research support in this direction. Moreover, most of the literature sources of non-motor therapy such as acupuncture and exercise are from China, which may have regional bias.


Acupuncture

Of the 8 acupuncture studies included, 7 used conventional acupuncture, and our analysis focused on the effectiveness of this type of acupuncture within the subgroups. In the acupuncture subgroup, we found that the HAMD and HAMA of the experimental group had a certain improvement trend but did not reach statistical significance. A possible reasonable explanation is the placebo effect of acupuncture in a short time. In the (Fan et al., 2022) study, there was no statistical difference in HAMA score between the treatment group and the sham acupuncture group, but its effectiveness was determined by the minimum difference of clinical significance. There was a significant statistical difference between the two groups during the follow-up 2 months later. Due to the high recognition of acupuncture efficacy in China, sham acupuncture participants included in the study may think that they have received adequate treatment, so there may be a significant placebo effect in the course of treatment. With the decrease of the placebo effect, the long-term benefits of acupuncture can maintain the efficacy of the acupuncture group. In addition, this study validates the effectiveness of acupuncture in reducing ACTH (adreno-cortico-tropic-hormone, ACTH) levels, indirectly indicating the efficacy of acupuncture on anxiety symptoms (Zhang et al., 2018; Xi and Bi, 2022) there is a strict restriction on the HAMD score of patients included in PD (24 > HAMD > 7), which is beneficial for reducing clinical heterogeneity. Still, the slightly different intervention methods of the three studies included, and the low quality of the research methodology may be the reasons for the poor statistical results of HAMD after the merger. In the acupuncture subgroup, we found that acupuncture significantly improved the PDQ-39 score of PD patients, and the subset was homogeneous. Acupuncture belongs to traditional Chinese treatment, an essential part of complementary or alternative therapy. The efficacy of acupuncture in various primary or secondary nervous system diseases may be extended to the PD population. A large number of studies have proved that acupuncture-related therapy can significantly improve the motor symptoms of PD. Still, non-motor symptoms are often ignored as a secondary result, resulting in the lack of related large samples and high-quality RCT (Deuel and Seeberger, 2020). In this meta-analysis, acupuncture can be used as a potential non-pharmacological treatment, but the reliability of the combined results needs to be further verified by a large number of high-quality studies.



CBT

Cognitive behavioral therapy (CBT) is a kind of psychotherapy that can improve mental health by changing negative thinking patterns and behavior habits. CBT usually consists of two parts: cognitive therapy and behavioral therapy. A large number of studies have used CBT to treat psychological problems, such as anxiety, depression, post-traumatic stress disorder, obsessive-compulsive disorder, panic disorder, and food and drug abuse. Of the 11 studies included in this review, 5 trials used CBT tailored to the specific needs of PD patients, 5 tests used structured CBT therapy (including structured exercise, behavioral activation, thought monitoring and reorganization, relaxation training, anxiety control and sleep hygiene), and another study did not describe the specific content of CBT. Among the 11 studies in our review, CBT intervention significantly improved insomnia, anxiety, depression, cognition, and quality of life in patients with PD compared with the control group. Subgroup analysis shows that CBT has homogeneity in BDI score, HAMA score, and PDQ-39 score due to the relative consistency of CBT treatment procedures in each CBT subgroup, which will effectively ensure a low clinical heterogeneity among the research evidence. In our screened study, there are few studies on the application of PDSS and CoMA scores by CBT, which may be due to the selection of other evaluation criteria to evaluate sleep and cognitive problems. The sensitivity analysis of the CBT subgroup in the HAMD score of the depression scale was carried out, and the heterogeneity did not change significantly after removing the literature. There was no statistical difference between the CBT intervention and control groups, indicating that the combined result was robust. The sensitivity analysis of the CBT subgroup in the MMSE score of the cognitive scale was carried out after excluding the study (Pan, 2018). The CBT subgroup showed homogeneity [χ2 = 1.35, MD = 0.84, 95% CI = (0.17 to 1.50), I2 = 0]. We believe that in the study (Pan, 2018), the experimental group CBT therapy combined with Western medicine pramipexole may have achieved more excellent therapeutic benefits than other studies. In this review, we found that CBT is an effective treatment to reduce PD anxiety and depression and improve the quality of life. PD patients should be encouraged to choose CBT intervention for non-motor symptoms. In addition, there are few studies on PD patients with insomnia or cognitive impairment by CBT, and more and more in-depth studies are needed to evaluate its reliability.



Exercise

Exercise therapy includes various forms of exercise such as walking, running, yoga, dance and traditional Chinese exercise methods such as Tai Chi, Qigong, Wuqinxi and so on. In previous meta analysis, exercise is considered to be a potentially effective method for the treatment of motor symptoms in PD. In the meta-analysis of Ernst et al. (2023), the combined Parkinson’s Disease rating scale (United Parkinson’s Disease Rating Scale, UPDRS) was used to explain the effect of exercise training on PD participants, and proved that this training was effective for PD patients (Tang et al., 2019). Meta-analysis evaluated the effectiveness of exercise therapy for PD and suggested that tango could significantly enhance functional activity in patients with PD. In our meta-analysis, there were significant differences only in CoMA and PDQ-39 scores between the exercise and control groups. The efficacy of exercise in anxiety scale HAMA score, Depression scale HAMD, BDI score, Cognition scale MMSE score was not accurate. There are few studies on exercise therapy using the above scale, so it is difficult to make a positive evaluation of the efficacy of exercise therapy on PD non-motor symptoms, including anxiety, depression, cognition, and so on. In the subgroup of exercise therapy, the two scores of CoMA and PDQ-39 showed homogeneity. We analyzed five included studies that selected CoMA scores to evaluate cognitive function, including yoga, dance, Wuqinxi, and Tai Chi, which are essentially multi-task exercises, including not only simple body movements or movements such as walking and turning but also need to understand and learn the exercise patterns and integrate the exercise to achieve coordination and consistency. This requires the participation of cognitive function, which may help improve cognitive function in patients with PD. The improvement of the PDQ-39 scale may be due to the indirect benefit of exercise on improving motor symptoms. The effect of traditional Chinese exercise therapy such as Tai Chi, Qigong and Baduanjin on the non-motor symptoms of PD is not definite at present, and large-scale and high-quality clinical trials are still needed to support it. However, we cannot deny the positive effect of traditional Chinese exercise therapy on PD at this stage.



rTMS

Previous studies have shown that the mechanism of rTMS in the treatment of non-motor symptoms of PD may be achieved by regulating the levels of neurotransmitters in the brain, such as dopamine and glutamate (Prange et al., 2022). Also in degenerative lesions, rTMS can also drive non-motor symptoms such as memory processes by regulating central nervous system cholinergic activity (Bonnì et al., 2017). In our review, the PDSS, HAMD, CoMA, MMSE, PDQ-39 score of rTMS therapy was significantly better than that of the control group, but the improvement in PDSS, BDI, HAMA score was not significant. There is no difference in the PDSS score between the rTMS subgroup and the control group, and there is significant heterogeneity, we believe that the stimulation prescription (including stimulation frequency, location, time, etc.) selected by the two studies in the subgroup during rTMS intervention is inconsistent, and in the (Wu et al., 2019) study, the basic treatment given to patients includes drug treatment for the corresponding symptoms, which will lead to differences in efficacy and heterogeneity. Interestingly, in the (Cardoso et al., 2008) study, the difference between HAMD, BDI and baseline in the rTMS group and the Fluoxetine group after treatment was reported, but the difference between the two groups was not taken seriously because the authors chose a positive control rather than a placebo. The authors explained that the main purpose of this study was to observe the correlation between depressive symptoms and different regions of the neural network in patients with PD treated with rTMS, rather than to test its efficacy. In addition, another limitation given in the study is that the fake rTMS program is not yet mature at that time. In the HAMA score, rTMS also showed strong heterogeneity. We believe that the heterogeneity is due to the fact that we selected the first treatment node when we selected the (Li et al., 2020) data, while in this study, the first treatment node was only treated for 1 week. This is quite different from the treatment time of other studies included. In addition, studies have shown that the MMSE scale has low sensitivity in assessing cognitive function (Jiang et al., 2020), and there is no direct evidence that TMS can significantly improve the MMSE scale. Although MMSE cannot be ignored, this result still needs to be treated with caution. Due to the small number of literature included, we did not conduct a sensitivity analysis in the subgroup.




Conclusion

In recent years, more and more clinicians and scientists have realized that the non-motor symptoms of PD are the main factor for the decline of the quality of life of PD patients. Therefore, finding effective and safe treatments for non-motor symptoms is a top priority. To the best of our knowledge, this is the first meta-analysis that synthesizes the efficacy of non-drug interventions on non-motor symptoms in patients with PD. The four non-drug methods used in our review showed extraordinary performance in sleep, depression, anxiety, cognition, constipation, and quality of life. It was mentioned in this review that all non-drug treatments were safe and well tolerated, and no serious adverse events were reported in the included research evidence. We found some differences among the subgroups of different intervention methods. Still, we should carefully explain these results due to the inclusion of less literature in the subgroup and the comparison being more indirect. Therefore, we recommend extensive and rigorous RCT to compare different interventions or further network meta-analysis directly.
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Introduction: Parkinson’s disease (PD) is a rapidly growing neurological disorder characterized by diverse movement symptoms. However, the underlying causes have not been clearly identified, and accurate diagnosis is challenging. This study aimed to identify potential biomarkers suitable for PD diagnosis and present an integrative perspective on the disease.
Methods: We screened the GSE7621, GSE8397-GPL96, GSE8397-GPL97, GSE20163, and GSE20164 datasets in the NCBI GEO database to identify differentially expressed (DE) mRNAs in the substantia nigra (SN). We also screened the GSE160299 dataset from the NCBI GEO database to identify DE lncRNAs and miRNAs in plasma. We then constructed 2 lncRNA–miRNA–mRNA competing endogenous RNA (ceRNA) regulatory networks based on the ceRNA hypothesis. To understand the biological function, we performed Kyoto Encyclopedia of Genes and Genomes pathway and Gene Ontology analyses for each ceRNA network. The receiver operating characteristic analyses (ROC) was used to assess ceRNA results.
Results: We identified 7 upregulated and 29 downregulated mRNAs as common DE mRNAs in the 5 SN datasets. In the blood dataset, we identified 31 DE miRNAs (9 upregulated and 22 downregulated) and 332 DE lncRNAs (69 upregulated and 263 downregulated). Based on the determined interactions, 5 genes (P2RX7, HSPA1, SLCO4A1, RAD52, and SIRT4) appeared to be upregulated as a result of 10 lncRNAs sponging 4 miRNAs (miR-411, miR-1193, miR-301b, and miR-514a-2/3). Competing with 9 genes (ANK1, CBLN1, RGS4, SLC6A3, SYNGR3, VSNL1, DDC, KCNJ6, and SV2C) for miR-671, a total of 26 lncRNAs seemed to function as ceRNAs, influencing genes to be downregulated.
Discussion: In this study, we successfully constructed 2 novel ceRNA regulatory networks in patients with PD, including 36 lncRNAs, 5 miRNAs, and 14 mRNAs. Our results suggest that these plasma lncRNAs are involved in the pathogenesis of PD by sponging miRNAs and regulating gene expression in the SN of the brain. We propose that the upregulated and downregulated lncRNA-mediated ceRNA networks represent mechanisms of neuroinflammation and dopamine neurotransmission, respectively. Our ceRNA network, which was associated with PD, suggests the potential use of DE miRNAs and lncRNAs as body fluid diagnostic biomarkers. These findings provide an integrated view of the mechanisms underlying gene regulation and interactions in PD.
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 Parkinson’s disease; microRNA; lncRNA; ceRNA network; biomarker; GEO database; meta-analysis; bioinformatics analysis


1 Introduction

Parkinson’s disease (PD) is one of the most rapidly growing neurological disorders and is characterized by movement symptoms, such as rigidity, slowness, and tremor (Emamzadeh and Surguchov, 2018; Armstrong and Okun, 2020; Morelli and Pinna, 2023). These motor symptoms are caused by the pathological conditions of dopaminergic neurons in the substantia nigra (SN), which includes α-synuclein (SNCA) aggregation, oxidative stress, ferroptosis, mitochondrial dysfunction, and neuroinflammation (Surmeier, 2018; Dong-Chen et al., 2023). However, since these symptoms vary widely, and their underlying causes have not been clearly identified, they may be not specific to PD, emphasizing the need for an accurate diagnosis (Madabushi et al., 2023). Recent studies have indicated that genetic factors such as SNCA, parkin (PRKN), PTEN-induced kinase 1 (PINK1), leucine-rich repeat kinase 2 (LRRK2), and vacuolar protein sorter-35 (VPS35) play crucial roles in PD (Funayama et al., 2023). Despite substantial progress in genetic development, body fluid diagnostic biomarkers for PD are still lacking (Adam et al., 2023). Consequently, the identification of potential biomarkers suitable for diagnosis continues to pose challenges.

Given that protein-coding genes constitute only 2% of the human genome, non-coding RNAs (ncRNAs), which are transcripts that do not code for any protein, are considered key regulatory molecules in all cellular processes (Ranga et al., 2023). Among the ncRNAs, microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) are potential biomarkers of PD (Kuo et al., 2021). However, a single biomarker cannot fully elucidate the pathological mechanism of PD and fails to attain the high specificity and sensitivity required for accurate diagnosis (Cocco et al., 2023). Numerous studies on PD have proposed integrated biomarkers based on the competing endogenous RNA (ceRNA) hypothesis, which explains the competition between coding RNAs (mRNAs) and ncRNAs for shared miRNAs (Lin et al., 2021). Dysregulation of ceRNA networks has been observed in PD, influencing apoptosis, SNCA misfolding, mitochondrial dysfunction, autophagy, and neuroinflammation, all implicated in PD pathogenesis (Asadi et al., 2023). For example, LINC-p21 alters apoptosis in SH-SY5Y cells by sponging miR-1277-5p (Xu et al., 2018). LINC00943 alleviates neuronal damage in PD models by sponging miR-7-5p and increasing CXCL12 expression (Lian et al., 2021). Furthermore, two ceRNA axes, LINC09238/miR-30c-5p/LRRK2 and LINC001128/miR-30c-5p/ATP13A2, are involved in PD through the regulation of mitochondrial dysfunction (Yousefi et al., 2022). However, these studies have reported different single ceRNA axes, and diagnostic biomarkers for PD remain questionable.

In this study, we constructed an lncRNA–miRNA–mRNA ceRNA regulatory network to reveal the impact of lncRNA–miRNA competition in the blood on SN mRNA. To propose an integrative perspective on PD, we collected several datasets from the Gene Expression Omnibus (GEO) database and analyzed them using various bioinformatics software tools.



2 Materials and methods

Our aim was to construct lncRNA–miRNA–mRNA ceRNA networks according to the flowchart shown in Figure 1.

[image: Flowchart illustrating a bioinformatics analysis process. It starts with GEO gene expression data from Parkinson's disease patient samples: five datasets from substantia nigra and one from blood. Each branch involves selecting DEmRNAs, DEmiRNAs, and DElncRNAs using GEO2R. These are analyzed for interactions by Targetscan and Blastn. Common DEmRNAs are identified and used to construct a miRNA-lncRNA-mRNA ceRNA regulatory network. The outcomes undergo KEGG analysis by ShinyGO 8.0 and Gene Ontology analysis by g:Profiler in 2023.]

FIGURE 1
 Flow chart of our study. Data collection, processing, construction of ceRNA network, and KEGG & GO analysis. GEO, gene expression omnibus; PD, Parkinson’s disease; DE, differential expression; FC, fold change; KEGG, Kyoto Encyclopedia of Genes and Genomes.



2.1 Data collection of patients with PD

In this study, “Parkinson’s disease” was used as a keyword to search for microarray data in the GEO1 of the National Center for Biotechnology Information (NCBI). The following inclusion criteria were used to select the dataset for analysis: (1) studies on the SN in patients with PD in which the experiment type was expression profiling by array, and (2) studies on blood in patients with PD in which the experiment type was expression profiling by high-throughput sequencing or ncRNA profiling, due to the determination of miRNA and lncRNA expression data. Datasets with no significant differentially expressed (DE) mRNAs, miRNAs, or lncRNAs were excluded.

We selected five datasets from SN studies (GSE7621, GSE8397-GPL96, GSE8397-GPL97, GSE20163, and GSE20164) and one dataset from blood studies (GSE160299). Information on the microarray datasets is presented in Table 1. Only two blood studies were registered in the database, of which only one was selected because no significantly expressed miRNAs or lncRNAs were found in the other. To assess their associations with PD, principal component analysis (PCA) was conducted between PD patients and healthy controls for each dataset using the R statistical language version 4.3.1.



TABLE 1 Datasets selected in our study.
[image: Table comparing gene expression data. Tissue types are Substantia Nigra and Plasma. GEO accession numbers include GSE7621, GSE8397-GPL96/GPL97, GSE20163, GSE20164, and GSE160299. Platforms are GPL570, GPL96, GPL97, and GPL20301. Samples are recorded as PD/CON with various numbers. Types are mRNA, miRNA, and lncRNA. Up/Down columns report different values with arrows indicating increase or decrease.]



2.2 Data preprocessing and identification of DE miRNAs, lncRNAs, and mRNAs

We used GEO2R online software to process each dataset to compare healthy controls and PD patient samples. The p-values and false discovery rate (FDR) were calculated using the t-test and Benjamini and Hochberg test, respectively. The statistical significance of selecting DE genes between healthy controls and PD patient samples was set to p < 0.05 and | Log 2 Fold Change | > 1. Probes with no annotated genes were excluded from the analysis. The probe with the highest fold-change value was selected if multiple probes matched the same gene symbol.



2.3 Meta-analysis to identify common DE mRNAs in datasets from brain SN

Using vote-counting generic ways of combining information (Ramasamy et al., 2008), a meta-analysis was performed on five datasets from the brain SN. For comparison, the results were visualized using Venn diagrams and heatmaps using R statistical language 4.3.1. Subsequently, DE mRNAs that were common to at least three datasets were defined as common DE mRNAs and subjected to further analysis.



2.4 Identification of DE mRNA–DE miRNA and DE lncRNA–DE miRNA interactions

To examine the interactions between common DE mRNAs and DE miRNAs, we collected the predicted miRNA targets of common DE mRNAs using TargetScan 8.0.2 We then identified common DE mRNAs that contained DE miRNAs for the predicted targets, and these mRNAs were used to construct the network. Genes without predicted targets in the database were excluded.

To identify the interactions between DE lncRNAs and DE miRNAs, we retained only miRNAs that were present in both DE miRNAs from the blood dataset and the targeting miRNAs of common DE mRNAs from the SN datasets. To predict miRNA-binding sites in DE lncRNAs, we used Blastn online software, which identifies regions of similarity between biological sequences.



2.5 Construction of the lncRNA–miRNA–mRNA ceRNA regulatory network

Because lncRNAs regulate the expression of mRNA by sponging miRNAs, upregulated or downregulated miRNAs and lncRNAs, or mRNAs that were inversely related to miRNAs in the miRNA–mRNA and lncRNA–miRNA interaction pairs, were chosen to construct the lncRNA–miRNA–mRNA ceRNA network (Xu et al., 2019). To construct lncRNA-mediated ceRNA networks in PD, we used Cytoscape software 3.9.1 (Shannon et al., 2003).



2.6 Kyoto encyclopedia of genes and genomes (KEGG) pathway and gene ontology (GO) analysis of target genes in the ceRNA network

To understand the biological functions, we performed KEGG pathway and GO analyses of the coding genes involved in the constructed ceRNA network. For KEGG pathway analysis and visualization, we used ShinyGO 0.80 (Luo and Brouwer, 2013; Ge et al., 2020; Kanehisa et al., 2021). To search for significantly enriched GO terms in biological processes (BP), cellular components (CC), and molecular functions (MF), G:Profiler (2023) was used to identify the top 10 GO terms (Kolberg et al., 2023). GO terms were interpreted with reference to AmiGO and classified as the best descriptive terms (Carbon et al., 2009). Both the KEGG pathway and GO analyses were considered significantly enriched, with an FDR cutoff of 0.05.



2.7 ROC analysis

To assess the accuracy of ceRNA results as a diagnostic marker, we conducted receiver operating characteristic (ROC) curve analysis and calculated the area under the curve (AUC) using a webtool from easyROC.




3 Results


3.1 Meta-analysis of common DE mRNAs in datasets from brain SN and identification of DE miRNAs and DE lncRNAs

We used five datasets from brain SN studies to perform meta-analyses to screen for DE mRNAs that were common between patients with PD and healthy controls. The association of each dataset with PD was confirmed through PCA plots (Supplementary Figure 1). To identify common DE mRNAs across these datasets, the DE mRNAs in each dataset were demonstrated using Venn diagrams and heatmap plots (Figures 2A,B), which showed 7 upregulated and 29 downregulated DE mRNAs in more than three datasets. Volcano plots showing the expression of miRNAs and lncRNAs with p < 0.05 and | Log 2 Fold Change | > 1 were screened for further analysis (Figure 2C), which revealed 31 DE miRNAs (9 upregulated and 22 downregulated) and 332 DE lncRNAs (69 upregulated and 263 downregulated).

[image: Venn diagrams, heatmaps, and scatter plots compare differentially expressed RNAs. (A) Up-regulated DE mRNAs: Pink Venn diagram and heatmap with red and green coloration. (B) Down-regulated DE mRNAs: Blue Venn diagram and heatmap with blue and green shading. (C) Scatter plots for DE miRNAs and DE lncRNAs show data points with log2 fold change versus negative logarithm P-values, highlighting significant changes in red and blue.]

FIGURE 2
 Venn diagrams, heatmap plots, and volcano plots of differentially expressed mRNAs, miRNAs, and lncRNAs. (A) Venn diagram and heatmap plot of upregulated mRNAs. Genes belong to the red area of the Venn diagram used for heatmap analysis. (B) Venn diagram and heatmap plot of downregulated mRNAs. Genes belong to the blue area of the Venn diagram used for heatmap analysis. (C) Volcano plot of differentially expressed miRNAs and lncRNAs. Red indicates upregulated and blue indicates downregulated.




3.2 Identification of DE miRNA–DE mRNA and DE miRNA–DE lncRNA interactions

Based on the relationships in ceRNA theory, we searched for miRNA–mRNA and miRNA–lncRNA interactions using Targetscan and Blastn, respectively. We identified 7 miRNA–mRNA and 19 miRNA–lncRNA interactions in the upregulated ceRNA network (Table 2A). For the downregulated ceRNA network, we identified 9 miRNA–mRNA and 26 miRNA–lncRNA interactions (Table 2B).



TABLE 2A Interactions between downregulated miRNAs and upregulated mRNAs or lncRNAs.
[image: Table listing interactions between miRNAs, mRNAs, and lncRNAs, detailing interaction scores. Columns include miRNAs from plasma, mRNAs from SN, miRNA-mRNA interaction score, lncRNAs from plasma, and miRNA-lncRNA interaction score. The context is evaluation scores for interactions, with specific scores for each pairing.]



TABLE 2B Interactions between upregulated miRNAs and downregulated mRNAs or lncRNAs.
[image: Table displaying interaction scores of miR-671 from plasma with mRNAs from SN and lncRNAs from plasma. It lists mRNAs such as ANK1 and CBLN1 with scores like -0.10 and -0.06. lncRNAs like LINC02179 and LINC01762 are shown with scores of 0.048 and 0.022. The method is described in Table 2A.]



3.3 Construction of the lncRNA–miRNA–mRNA ceRNA network

Based on these interactions, we constructed an lncRNA–miRNA–mRNA ceRNA regulatory network. As a result of the 10 lncRNAs sponging 4 miRNAs (miR-411, miR-1193, miR-301b, and miR-514a-2/3), 5 genes (P2RX7, HSPA1, SLCO4A1, RAD52, and SIRT4) appeared to be upregulated (Figure 3A). Competing with 9 genes (ANK1, CBLN1, RGS4, SLC6A3, SYNGR3, VSNL1, DDC, KCNJ6, and SV2C) for miR-671, a total of 26 lncRNAs seemed to function as ceRNAs, influencing genes to be downregulated (Figure 3B).

[image: Diagram comparing up-regulated and down-regulated lncRNA-mediated ceRNA networks. Panel A shows a network of orange lncRNA, green mRNA, and blue miRNA nodes interconnected. Panel B displays a more circular network with similar node colors. A legend clarifies orange for lncRNA, blue for miRNA, and green for mRNA.]

FIGURE 3
 Construction of lncRNA–miRNA–mRNA ceRNA regulatory network. (A) The lncRNA-mediated upregulated ceRNA network. (B) The lncRNA-mediated downregulated ceRNA network. Red, green, and blue indicate lncRNA, miRNA, and mRNA, respectively.




3.4 KEGG pathway and GO enrichment analyses of DE mRNAs in the ceRNA network

To explore the biological functions of the ceRNA network, KEGG pathway and GO enrichment analyses were performed with an FDR cutoff of 0.05. According to KEGG pathway analysis, DE mRNAs in the upregulated ceRNA network were involved in “nicotinate and nicotinamide metabolism,” “homologous recombination,” “NOD-like receptor signaling pathway,” “calcium signaling pathway,” and “neuroactive ligand-receptor interaction” (Figure 4A). DE mRNAs in downregulated ceRNA networks were relevant to “Phenylalanine metabolism,” “Serotonergic synapse,” and “Dopaminergic synapse” (Figure 4B).

[image: KEGG analysis results for ceRNA networks are shown in two bubble charts. Chart A displays up-regulated pathways, highlighting "Nicotinate and nicotinamide metabolism" with high enrichment. Chart B shows down-regulated pathways, with "Serotonergic synapse" having notable enrichment. The size of the bubbles indicates the number of genes, and the color represents fold enrichment, with black indicating higher values of -log10(FDR).]

FIGURE 4
 The bubble plots of KEGG pathway analysis results. (A) Results for the upregulated ceRNA network. (B) Results for the downregulated ceRNA network. The color and size of bubbles indicate the number of genes associated with each pathway and the -log 10 (FDR), respectively.


GO analyses were also conducted with DE mRNAs in each lncRNA-mediated ceRNA network associated with BP, CC, and MF. The top 10 enriched GO terms in each of the three major categories were selected based on the FDR (Tables 3A, 3B). These results indicate that genes associated with the upregulated ceRNA network are related to nicotinamide adenine dinucleotide (NAD+) and the transport of eicosanoids such as prostaglandins. Genes linked to the downregulated ceRNA network were associated with secretion, the biosynthetic process of catecholamines (such as dopamine), and synapses that use dopamine as a neurotransmitter and transmit signals to the postsynaptic membrane.



TABLE 3A The top 10 GO enriched terms of the upregulated lncRNA-mediated ceRNA network.
[image: Table showing Gene Ontology molecular functions (GO:MF) and biological processes (GO:BP) with term names, IDs, adjusted p-values, term sizes, query sizes, and intersections. Functions include lipoamidase activity, NAD-dependent protein activities, prostaglandin, and eicosanoid transport, with intersections involving SIRT4, P2RX7, and SLCO4A1.]



TABLE 3B The top 10 GO enriched terms of the downregulated lncRNA-mediated ceRNA network.
[image: A table lists biological processes and cellular components from the Gene Ontology database. It includes eight rows with columns labeled: Source, Term_name, Term_id, Adjusted p-value, Term_size, Query_size, and Intersections. The processes listed include secretion, exocytosis, various biosynthetic processes, and synapses, with associated intersections of genes like SYNRG3 and VSN1L1. Each entry has specific values for p-value, Term_size, and Query_size.]



3.5 ROC analysis of DE miRNAs and DE lncRNAs in the ceRNA network

Furthermore, we performed ROC analysis for each ceRNA network to evaluate the accuracy of ceRNA results as a diagnostic marker. Downregulated miRNAs and upregulated lncRNAs in upregulated ceRNA network showed high accuracy, with AUC values of 0.853 and 0.886, respectively (Figure 5A). Similarly, upregulated miRNA and downregulated lncRNAs in downregulated ceRNA network also demonstrated high accuracy, with AUC vaules of 0.789 and 0.887, respectively (Figure 5B).
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FIGURE 5
 The receiver operating characteristic (ROC) curve analysis results for each ceRNA network. (A) ROC curve of DE miRNAs and DE lncRNAs on upregulated ceRNA network. (B) ROC curve of DE miRNAs and DE lncRNAs on downregulated ceRNA network.





4 Discussion

Recently, an increasing number of studies have identified PD-specific genes in the brain, including SNCA, PRKN, PINK1, and LRRK2. However, it is problematic to use these genes as body fluid diagnostic biomarkers, and the quest for diagnostic biomarkers using body fluids remains challenging. As ncRNAs, including lncRNAs and miRNAs, have emerged as key factors in PD, we focused on the competing regulatory networks between ncRNAs to propose an integrative perspective on PD.

In this study, we constructed two lncRNA-mediated ceRNA networks based on the expression profiles of patients with PD. We screened out common DE mRNAs from the GEO database to investigate genes expressed in the brain SN, as well as DE lncRNAs and DE miRNAs to include genes expressed in plasma. To check their associations with PD, we also demonstrated the difference between PD patients and healthy controls using PCA plots. Subsequently, we constructed two lncRNA–miRNA–mRNA ceRNA regulatory networks to elucidate the effect of plasma lncRNAs on changes in SN mRNA. We conducted KEGG pathway and GO enrichment analyses to comprehend the biological functions of each ceRNA network. Finally, we performed ROC analysis to evaluate the accuracy of ceRNA results as a diagnostic marker.

In the upregulated lncRNA-mediated ceRNA network, 10 lncRNAs were found to regulate the expression of 5 genes in the SN by sponging 4 miRNAs. Several nodes in this ceRNA network have been shown to play crucial roles in PD associated with neuroinflammation. For example, P2RX7 has been widely reported to play a central role in PD models by promoting neuroinflammation (Calzaferri et al., 2020). HSPA1, also known as Hsp70, has been found to be released from damaged cells, acting as a local danger signal (Giuliano et al., 2011). Both SIRT4 and RAD52 have received attention for their therapeutic effects on DNA damage, which has been found to induce inflammatory responses in several neuronal cell types (Wang et al., 2021, 2023). Although these genes have contradictory effects, neuroinflammation induces damage to nerve tissues while promoting the activation of neuroprotective mechanisms (Gelders et al., 2018). In addition, our KEGG pathway and GO enrichment analyses showed that the genes in the upregulated lncRNA-mediated ceRNA network were significantly enriched in nicotinamide metabolism and prostaglandin transport. These pathways have been reported to regulate neuroinflammation during the development of PD (Corwin et al., 2018; Zhou et al., 2018). Therefore, it is reasonable to hypothesize that this upregulated lncRNA-mediated ceRNA network may explain the neuroinflammatory mechanisms in patients with PD.

In a downregulated lncRNA-mediated ceRNA network, 26 lncRNAs appeared to be downregulated, leading to the downregulation of 9 genes in the SN by miR-671. Several nodes in this ceRNA network have been studied for their crucial roles in PD. For example, the brain expression of SLC6A3 (Habak et al., 2014), SYNGR3 (Ho et al., 2023), DDC (Pereira et al., 2023), and SV2C (Dunn et al., 2017) has been shown to modulate dopamine neurotransmission in PD models. Additionally, based on our KEGG pathway and GO enrichment analysis results, genes in the downregulated lncRNA-mediated ceRNA network were significantly enriched in the dopaminergic synapses. Therefore, we speculate that this downregulated lncRNA-mediated ceRNA network plays an important role in patients with PD by regulating dopamine neurotransmission.

Our study had some limitations. First, only one dataset from PD patient blood was available in the GEO database. Second, the functions of the ncRNAs in each ceRNA network have not been previously reported in association with PD, or they showed different expression trends compared to our study. Some studies have indicated that miR-671 is downregulated to play a role in MPP + −induced SK-N-SH cells (Zhang et al., 2022; Hao et al., 2023). However, these studies were conducted at the cellular level, and it remains unclear how miR-671 in the blood affects the SN in the brain. Similarly, the effects of other RNA species on brain regions might also require further investigation. Thus, it is more reasonable to propose that the ceRNA regulatory network might be implicated in the pathogenesis of PD through the function of mRNAs, and that miRNAs and lncRNAs are significant body fluid biomarkers. Further experiments are needed to reveal the exact functions of blood ncRNAs in PD.

Despite these limitations, our study holds significance as it persevered in the analysis of blood datasets, which is in contrast to previous studies that relied solely on bioinformatics tools offering reported ncRNA data. By incorporating analyses of blood samples from patients with PD, future research has the potential to provide a more meaningful ceRNA network. Such efforts are likely to contribute to a more precise elucidation of the pathological mechanisms of PD, ultimately enhancing treatment strategies.

In conclusion, we constructed a ceRNA regulatory network in patients with PD, including 36 lncRNAs, 5 miRNAs, and 14 mRNAs. Our results suggest that these lncRNAs (from the plasma) are involved in PD pathogenesis by sponging miRNAs and regulating gene expression in the SN of the brain. We propose that the upregulated lncRNA-mediated ceRNA network may explain the mechanism underlying neuroinflammation in PD. In addition, the downregulated lncRNA-mediated ceRNA network appeared to contribute to PD by influencing dopaminergic neurotransmission. As our ceRNA network has been found to be associated with PD, the DE miRNAs and lncRNAs in our ceRNA network could be utilized as body fluid diagnostic biomarkers. Our findings provide an integrated view of the mechanisms underlying gene regulation and interactions in PD.
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Parkinson’s disease resultant in the degeneration of Dopaminergic neurons and accumulation of α-synuclein in the substantia nigra pars compacta. The synthetic therapeutics for Parkinson’s disease have moderate symptomatic benefits but cannot prevent or delay disease progression. In this study, nicotine was employed by using transgenic Caenorhabditis elegans Parkinson’s disease models to minimize the Parkinson’s disease symptoms. The results showed that the nicotine at 100, 150, and 200 μM doses reduced degeneration of Dopaminergic neurons caused by 6-hydroxydopamine (14, 33, and 40%), lowered the aggregative toxicity of α-synuclein by 53, 56, and 78%, respectively. The reduction in food-sensing behavioral disabilities of BZ555 was observed to be 18, 49, and 86%, respectively, with nicotine concentrations of 100 μM, 150 μM, and 200 μM. Additionally, nicotine was found to enhance Daf-16 nuclear translocation by 14, 31, and 49%, and dose-dependently increased SOD-3 expression by 10, 19, and 23%. In summary, the nicotine might a promising therapy option for Parkinson’s disease.
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1 Introduction

A debilitating neurodegenerative disease associated with aging, Parkinson’s Disease (PD) is second after Alzheimer’s Disease (AD) (Reich and Savitt, 2019). A study of PD prevalence was arise by 1 and 5%, in the age of 65 and 85-year-olds individuals, respectively. In addition, its prevelance is more common in men than women (Pringsheim et al., 2014; Simon et al., 2020). A British physician named James Parkinson first named Parkinson’s disease “shaking palsy” in 1817. It was renamed Parkinson’s disease by Jean-Martin Charcot in June 1988 (Przedborski, 2017; Jankovic and Tan, 2020). The disease progresses mainly due to the loss of dopaminergic neurons in the substantia nigra (SNPc) of the midbrain and α-synuclein (α-syn) aggregation in the brain tissues (Polymeropoulos et al., 1997; Spillantini et al., 1997; Du et al., 2020). Although PD is mainly characterized as a movement disorder, non-motor features are also present. Motor impairment includes resting tremor, rigidity, postural imbalance, slowness of movement, shuffling gate, and lack of facial expression (Schilder et al., 2017; Wei et al., 2017), while non-motor impairment includes constipation, dysphagia, hallucination, behavioral and cognitive problems in the disease late stages including sleep disturbances, anxiety and dementia (Titova and Chaudhuri, 2017; Muhammad et al., 2022). There are numerous theories explaining how Parkinson’s disease manifests or the progression of its symptoms even though the exact cause is unknown (Chagas et al., 2014).

The etiology of PD advancements is due to a complex interaction of both sporadic (90% of cases) and genetic (5–10%) aspects (Blauwendraat et al., 2020). It is possible to develop sporadic Parkinson’s disease due to exposure to toxicants, free radicals, head trauma and inflammation of the nervous system (Singleton and Hardy, 2019; Ullah et al., 2021). There are various genes associated with genetic predisposition including α-syn, parkin (PRKN), leucine-rich repeat kinase 2 (LRRK2) and PTEN-induced kinase 1(PINK1) (Bandres-Ciga et al., 2020). The primary barrier in PD diagnosis and prognosis is that its signs and symptoms do not appear before 70–80% of brain substantia nigra pars compacta (SNPc) region DA neurons degeneration. United States food and drug administration (FDA) approved drugs mere delay and alleviate disease symptoms and do not stop, reduce or reverse disease progression (Sivanandy et al., 2021; Zhang et al., 2021). In the researcher’s quest for pharmacological research, new approaches are developed to control the emergence, stop progression, and eliminate the disease. Therefore, scientists are optimistic about discovering a treatment for Parkinson’s disease using neuroprotective drugs based on component-based molecules (van der Perren et al., 2020; Detroja and Samson, 2022).

Nicotine is a natural pyridine alkaloid found mainly in Nicotiana tabacum of the Solanaceae family Figure 1. Nicotinic acetylcholine receptor stimulation is the main mechanism of its pharmacological properties in the central and peripheral nervous systems (Ribeiro and Leite, 2003). Several studies have found that nicotine improves synaptic plasticity and dopaminergic neuronal survival. As well as reducing neuroinflammation and mitochondrial dysfunction, it also inhibits oxidative stress (Hussain et al., 2018; Nourse et al., 2021). It has been shown that smoking is inversely related to PD incidence in more than 40 epidemiological studies conducted in the past 50 years (Quik et al., 2012; Ma et al., 2020). There are several studies that suggest nicotine may reduce the prevalence of Parkinson’s disease (Migliore and Coppedè, 2009; Nicholatos et al., 2018; Getachew et al., 2019).

[image: A composite image with two parts: A shows a pink flower on a leafy plant, with a chemical structure and formula of nicotine (C₁₀H₁₄N₂) beside it. B is a diagram with "Alkaloids" in the center, connected by arrows to: Parkinson's disease, Huntington's disease, Schizophrenia, Alzheimer's disease, Epilepsy, and Stroke.]

FIGURE 1
 (A) Represents Nicotine’s chemical structure and its plant source, nicotiana tabacum, and (B) represents Alkaloid’s pivotal role in the treatment of different neurodegenerative diseases (Dimatelis et al., 2012; Cianciulli et al., 2022; Sokouti et al., 2022; Wang et al., 2022; Zahedipour et al., 2022).


Therefore, we evaluated nicotine’s neuroprotective properties in transgenic C. elegans. In this study, nicotine reduced α-syn accumulations and restored 6-OHDA intoxicated DA neurons in the transgenic C. elegans PD models. Nicotine also restored the food-sensing behavior of 6-OHDA-intoxicated worms and improved lipid content and dopamine levels. Moreover, nicotine enhanced the antioxidant activities of superoxide dismutase-3 (SOD-3) and FOXO transcription factor homolog (Daf-16) nuclear translocations in the transgenic C. elegans model. As a result, we consider nicotine to be both an adjuvant and a prophylactic agent in treating Parkinson’s disease using the transgenic C. elegans model system.



2 Materials and methods


2.1 Caenorhabditis elegans strains, culture, maintenance, and synchronization

With its transparent body, short life span, easy culture methods, ease of maintenance, simple neuronal network, conserved neuronal pathways, and robust genetic screens for investigating molecular mechanisms, C. elegans makes an attractive model in various biological disciplines (Kleawyothatis et al., 2023; Yuan et al., 2023). Table 1 lists the C. elegan strains investigated in our study to assess Nicotine’s therapeutic potential for PD including N2 (Wild-type nematode), OW13 (pkIs2386, unc-54p::human α-synuclein:: YFP + unc-119(+), BZ555) (egIs1, dat-1p::GFP; green fluorescent protein (GFP)), TJ356 (zls356 [daf-16p::da16a/b::GFP + rol-6(su1006)]), CF1553 ([muIs84 ((pAD76) SOD-3p:: GFP + rol-6)]). All C. elegans were purchased through the Caenorhabditis Genetics Centre (CGC), Minnesota, United States. We maintained the worms in solid NGM (nematode growth media) at 20°C and fed them E. coli (OP50) bacteria strains as food. Previously described maintenance procedures were followed for C. elegans (Fu et al., 2014; Muhammad et al., 2022). By treating gravid adults with hypochlorite (0.5 M NaOH and 2% sodium hypochlorite), fertilized eggs were obtained. To obtain the desired larval stage to treat with nicotine in the various experiments given below, synchronized eggs were placed onto OP50-seeded fresh NGM plates or liquid M-9 and incubated at 20°C for 24 h.



TABLE 1 Study strains and maintenance conditions for C. elegans.
[image: Table listing various nematode strains and their characteristics. Columns include Strains, Transgene’s, Temperature in degrees Celsius, and Phenotypes. Strains are N2, OW13, BZ555, TJ356, and CF1553. Each strain has a specific transgene and phenotype, all maintained at 20°C. Phenotypes range from wild-type movement to muscular α-synuclein expression, dopaminergic neurotoxic model, GFP expression, and anti-oxidative enzyme expressions.]



2.2 Chemical reagents

Nicotine (Lot#DST180802-032, CAS#54–11-5, HPLC≥98%) was purchased from DESITE (China), 6-hydroxydopamine hydrobromide (6-OHDA; Lot#MKCC1473) was purchased from Sigma-Aldrich (USA), L-Ascorbic acid (Lot. QGNMA-RN, CAS 50–81-7 > 99.0%) purchased from T.C.I. chemicals (Shanghai, China), 2’-Deoxy-5-fluorouridine (FUDR) Lot.#SYEWM-OF, CAS#50–91-9 > 98.0% was purchased from T.C.I chemicals (Shanghai, China), Enzyme-linked immunosorbent assay (ELISA) kit for dopamine (DA) Lot#L190628620 was purchased from Cloud-Clone Corp (China), Juglone (cas#481–39-0, lot#1104A025 (Solar bio), 2,7, dichlorofluorescein diacetate HPLC≥95% cas#2044-85-1, lot#BCBZ7835) was purchased from Sigma life science Germany.



2.3 Food clearance assay

In this assay C. elegans strains OW13 and BZ555 were tested to assess nicotine’s effect on their physiology and determine nicotine’s appropriate dosage concentrations for experiments in the future (Ru-Huei et al., 2014; Chalorak et al., 2021). After overnight growth, E. coli was resuspended in S-medium at an optimum density (O.D.) of 6.6. Nicotine’s desired concentration was achieved by diluting the drug in an E. coli suspension. A 150 μL volume of the final mixture was added per well in the 96-well plate, an approximately synchronized group of 20–30 L1 animals in 10 μL s-medium was added to an E. coli suspension containing a series of nicotine concentrations, which was incubated for six days in 96-well plates at 25°C. In order to prevent solution evaporation, aluminum foil was used to cover the plates. A Microplate Reader M2 SpectraMax (Molecular Devices, Silicon Valley, CA, United States) was used to measure the OD for six days at 600 nm once/day. Before measuring the OD, each plate was placed on a plate shaker for 10 s. A microscopical analysis determined the fraction of live worms in the wells based on size. Each experiment was repeated three times.



2.4 The self-induction of da neurodegeneration in transgenic Caenorhabditis elegans by 6-OHDA

BZ555 (GFP-tagged Dopaminergic Neurotoxic model) C. elegans neurons were subjected to neurotoxin (6-OHDA) to stimulate self-neurodegeneration. Briefly, with some minor alterations to the previously described protocol (Nass et al., 2002; Thirugnanam and Santhakumar, 2022). We added 100 mM 6-OHDA and 20 mM ascorbic acid to OP50/S-medium mix both with and without nicotine. BZ555 worms at L-3 (~200 in number) moved into the treated groups, incubated at 22°C for 1 h, and jiggled slightly every 10 min to induce neurodegeneration. After an incubation period of 1 h, BZ555 were washed three times with washing buffer (M9), moved to the OP50/NGM plates with or without nicotine different concentrations, and incubated again for 72 h at 20°C. OP50/NGM/nicotine plates containing 0.06 mg/mL FUDR (5-fluoro-29-deoxyuridine) (Sigma, and St. Louis, MI) because FUDR stops eggs from hatching in C. elegans and thus reduceses its population on plates. Each experiment was repeated three times.



2.5 Quantitative assay of dopaminergic neurons degeneration

The DA neurons degeneration assay was performed in BZ555 C. elegans treated with or without 6-OHDA/nicotine at various concentrations following a previously described protocol with a few modifications (Hibshman et al., 2021). Following 72 h of incubation at 20°C, strains of BZ555 were washed three times with M9 buffer to remove adhesive bacteria, mounted on glass slides, immobilized with 100 mM sodium azide, enclosed with a coverslip, and monitored under fluorescence microscope. The BX53 microscope (Olympus Corp., Tokyo, Japan) was used to observe immobilized fluorescent images of BZ555 C elegans. Quantifying fluorescence intensity was done using ImageJ software. Each experiment was repeated three times.



2.6 An assay for measuring dopamine levels

We used an Enzyme-linked immunosorbent assay (ELISA assay) kit to evaluate dopamine content in 6-OHDA and 6-OHDA+nicotine’s different concentrations treated C. elegans groups (Bi et al., 2016). In each group, 6-OHDA treated and 6-OHDA/nicotine treated C. elegans BZ555 L3 larvae were washed three times with M9, then weighed. Then, according to the protocol, we added 100 μL, 1X RIPA+Protease inhibitor and used the Dounce homogenizer on ice for complete lysis of the worms. The worms were centrifuged at 4°C for 10 min at 14,000 × g. In accordance with the kit standard protocol, the supernatant was centrifuged and then analyzed by ELISA for DA content. Each experiment was repeated three times.



2.7 Quantitative assay of α -synuclein accumulation

It is thought that the protein (α -Syn) in OW13 is one of the primary causes of PD. As a result, we chose OW13 (GFP-tagged Muscular α-synuclein expression), a transgenic C. elegans PD model. OW13 worms integrated with human α-syn protein plus GFP fusion construct expressed α-Syn in the muscle’s walls via green fluorescence signals. The method described previously has been modified slightly (Liu et al., 2015; Wang et al., 2020). A synchronized larva stage1 (L-1) strain of C. elegans was transferred onto NGM plates with or without nicotine at 100, 150, and 200 μM and seeded with OP50 and incubated at 20°C for 72 h. 0.06 mg/mL FUDR was added to each NGM drug treated and untreated plates. Nicotine was not administered to control groups. Worms were washed thrice with M9 buffer, mounted on a glass slide, immobilized with sodium azide 100 mM, and enclosed with coverslips after 72 h. Following that, we analyzed α-syn green fluorescent protein (GFP) expression intensity in the treated and untreated worms under the BX53 fluorescent microscope (Olympus Corp., Tokyo, Japan). Fluorescence intensity was quantified using ImageJ software. Each experiment was repeated three times.



2.8 Lipid deposition quantification by Nile red staining assay

For quantitative lipid deposits analysis, in OW13 we used intracellular lipid droplets detective specific fluorescent staining dye Nile red. For stock solution preparation the previously described protocol has been modified slightly (Muhammad et al., 2022). We prepared a 0.5 mg/mL stock solution with 0.5 mg Nile red dye dissolved in 1 mL acetone. As a next step, the stock solution was mixed with E. coli in 1:250, then spread over the NGM plates containing different nicotine concentrations along with 0.06 mg/mL FUDR, and incubated overnight at 37°C. A further 72 h incubation was performed for L-1 C. elegans on NGM/Nile Red/OP50/FUDR plates with or without nicotine at 100,150, and 200 μM. Wild-type N2 C. elegans was used as a negative control. After 72 h, the worms were washed three times with M9, mounted on a glass slide, immobilized with sodium azide 100 mM, and enclosed with coverslips. The fluorescence intensity of lipid deposition was measured in C. elegans using a fluorescence microscope (Olympus, BX53, Japan) and the intensity was quantified using ImageJ software. Each experiment was repeated three times.



2.9 Food-sensing behavior assay

There is evidence that dopamine is responsible for C. elegans’ basal slowing response (de Guzman et al., 2022). To evaluate DA neuron integrity, food-sensing behavior assays were performed. When C. elegans are surrounded by food sources, they move slower than when they are without them. We modified the previously described protocol slightly to prepare the NGM plates (Malaiwong et al., 2019). Two types of NGM plates were designed, one with food source (E. coli) and one without (E. coli). Following intoxication with 6-OHDA alone, and 6-OHDA+different nicotine concentrations for 1 h at 20°C, with 10 min intervals of mixing, the BZ555, L3 larva were washed three times with M9. A total of 30–50 C. elegans were placed in 10 μL M9 on NGM plates with and without bacterial lawns. In both bacterial and non-bacterial lawns, locomotory rate of the worms was assessed after 5–10 min of transfer by counting body bending at 20-s intervals. By calculating percentages of locomotion rates in bacteria lawns over non-bacterial lawns, the slowing rate was estimated. We calculated and compared the average slowing rates of 15–20 worms in each group for each analysis. Each experiment was repeated three times.



2.10 In-vivo oxidative free radicals analysis

A previously described protocol with minor modifications was used in order to evaluate the level of free oxidative radicals in-vivo, using 2,7-dichlorofluorescein diacetate (H2DCF-DA, Sigma) (Pandey et al., 2019). A synchronized population of L1 larvae of OW13 was cultured on nicotine-treated and untreated NGM plates for 72 h at 20°C. C elegans were washed three times with M9 after 72 h. 50 C. elegans were shifted to 96-well plates in 150 μL of phosphate buffer solution (PBS,) and 150 μL of 100 mM H2DCF-DA was added per well before reading. Using a microplate reader at 485 nm excitation and 570 nm emission, the fluorescence reading was taken after 2 h. Each experiment was repeated three times.



2.11 Thermotolerance assay

Based on the protocol previously described, a thermotolerance assay was performed with slight modifications (Yang et al., 2018). On the nicotine-treated and untreated NGM plates, we cultured approximately 50 synchronized OW13, L1 larvae for 7 days at 20°C. Incubation at 37°C for 3 h was started on day 7 of the experiment. Touching each worm with platinum wire every hour was used to score the dead and alive worms. Each experiment was repeated three times.



2.12 Nicotine oxidative stress resistance assay

In the BZ555 strain, we measured nicotine oxidative stress resistance using Juglone (5-hydroxy-1,4-naphthoquinone), an intracellular reactive oxygen species (ROS) generator using the previously mentioned protocol with modifications (Reigada et al., 2020). Synchronized L1 of BZ555 was exposed to 100,150,200 μM of our drug nicotine for 72 h. at 20°C. Control group is BZ555 with without nicotine treatment. After 72 h, the C. elegans were washed three times with M9. 50 μL M9 containing 40–50 C. elegans were poured into 96 wells, and various drug concentrations and 250 μM Juglone were added. Incubated for 24 h. A touch-provoked movement was used to assess the survival percentage of worms after 24 h. Responses to the mechanical stimulus were counted as alive, and vice versa. Each experiment was repeated three times.



2.13 Daf-16 nuclear translocation assay

A previously described protocol, modified slightly, was used to determine the effect of nicotine on the nuclear localization of DAF-16 in TJ356 zls356 [daf-16p::da16a/b::GFP + rol-6(su1006)] (DAF-16:: GFP fusion protein) transgenic L1 worms (Lee et al., 2018). Synchronized L1 larvae were put on nicotine-treated/untreated NGM plates incubated for 72 h at 20°C. In the following steps, C. elegans were washed three times with M-9 buffer, mounted on a glass slide containing 100 mM sodium azide, and covered with a coverslip. DAF-16::GFP nuclear localization was observed under a fluorescence microscope (Olympus BX53) based on the discrete fluorescence aggregation phenotype. ImageJ software was used for analyzing the images (Carl Zeiss, Gottingen, Germany). Each experiment was repeated three times.



2.14 Sod-3 expression assay

CF1553([muIs84 ((pAD76) SOD-3p:: GFP + rol-6)];) a transgenic strain expressing SOD-3::GFP, was used for the reporter gene assay. To study nicotine’s effect on CF1553 strains, the previously described protocol with modifications was used (Yang et al., 2018). The L-1 synchronized C. elegans were transferred to solid media plates with or without nicotine at 100, 150, and 200 μM and incubated for 72 h at 20°C. Nicotine is not administered to the control group. In the following steps, C. elegans were washed three times with M-9 buffer, mounted on a glass slide containing 100 mM sodium azide, and covered with a coverslip. The fluorescence intensity of the treated group’s images was observed using a fluorescence microscope (Olympus, BX53, Japan). ImageJ was used to calculate the fluorescence intensity of C. elegans images. Each experiment was repeated three times.



2.15 Statistical analysis

We used SPSS/ANOVA (one-way), ImageJ, and GraphPad PRISM, Version 8.02 (1992–2019 GraphPad Software, Inc., La Jolla, CA, United States) for statistical analysis. DA neurons’ GFP intensities were calculated as means ± SD, and their p-values were calculated. Likewise, for α-synuclein, the means ± SD of YFP intensity was also calculated. Each experiment was repeated at least three times and normalized to control groups. Significance differences (p-values) were observed via SPSS/(one-way) ANOVA, followed by Tukey’s or Dunnett’s (where comparison was only to the untreated group) post-hoc tests. In all the experiments, p ≤ 0.001 to p ≤ 0.005 is considered statistically significant and represented by (p ≤ 0.005)*.




3 Results


3.1 Nicotine effect on transgenic Caenorhabditis elegans

We performed a food clearance test to assess nicotine toxic concentrations in C. elegans. We treated transgenic (OW13) and pharmacological (BZ555) worm strains with nicotine at 100, 150, 200, and 250 μM. A concentration of nicotine was tested to determine whether nicotine would be non-toxic to the physiology and hatching capabilities of C. elegans. In our experiment, worms treated with nicotine at 250 μM dilution showed toxic behavior, resulting in smaller bodies and fewer offspring. Even adults die after day intervals. Therefore, it lowers the clearance curve for food. The rest of the treated groups were alive and in good physical health. The addition of nicotine to cultures containing BZ555 and OW13 at 100, 150, and 200 μM concentrations did not affect food clearance compared to 250 μM Figure 2. In our subsequent experiments, we used the highest concentration of 200 μM.

[image: Two line graphs show absorbance (OD 600 nm) over six days for different concentrations (0, 100, 150, 200, 250 µM) in BZ555 and OW13 samples. BZ555 shows a sharp decline in higher concentrations while OW13 displays more stable absorbance across all concentrations. Blank samples remain flat at zero in both graphs.]

FIGURE 2
 Explaining the non-toxic concentration outcomes of nicotine food clearance tests in C. elegans PD models. Approximately 30 L-1, synchronized C. elegans OW13, and BZ555 were cultured at 25°C in a 96-well microtiter plate with OP50 suspensions (OD 600 nm) and nicotine at 0 μM, 100 μM, 150 μM, 200 μM, and 250 μM dilutions. The OD values were calculated once a day for 6-days. The absorbance (600 nm) was determined by using SpectraMax M2 Microplate Reader. Worms treated at 100 μM, 150 μM, and 200 μM nicotine were alive. But, the worms treated at 250 μM dilutions started dying daily. The significant difference between nicotine dilutions in treated models (BZ555 and OW13) is measured p ≤ 0.005 (***).




3.2 Nicotine diminished 6-OHDA intoxicated DA neuron degeneration in a dose-dependent manner

C. elegans possesses eight DA neurons, comprising one pair of anterior deirid (ADE) neurons, two pairs of cephalic (CEP) neurons in the head position, and one pair of posterior deirid (PDE) neurons in the posterior lateral region. C. elegans strain (BZ555) tagged with GFP at the dat-1 promoter is used as a PD model to study the active role of DA neurons. The promoter (Pdat-1: GFP) was used to observe significant changes in DA neurons’ GFP intensity in the head region of the worm. The neurotoxin 6-OHDA was used to generate selective degenerations of DA neurons, which mimicked one of the symptoms of PD in BZ555 C. elegans. To analyze nicotine efficiency, we evaluated neuronal integrity by quantifying the loss of expression of a GFP reporter gene in DA neurons of 6-OHDA-treated BZ555 animals. 6-OHDA treatment reduced GFP expression in PDE neurons and partially lost GFP expression in CEP and ADE neurons Figure 3A. Fluorescence intensity in 6-OHDA-exposed worms decreases by 93% (p ≤ 0.005) compared to non-exposed groups. When nematodes were subjected to nicotine, remarkable protection was observed in DA neurons with CEP, and ADE neurons showed enhanced GFP expression, providing evidence for nicotine’s neuroprotective effects. Furthermore, nicotine at 100, 150, and 200 μM enhanced the fluorescence intensity of GFP in 6-OHDA-intoxicated BZ555 by 14, 33, and 40%, respectively Figure 3B.

[image: (A) Four micrographs showing green fluorescent neurons treated with varying nicotine concentrations: 0, 6-OHDA, 100 μM, 150 μM, and 200 μM. Scale is 50 μm. (B) Bar graph depicting fluorescent intensity of 6-OHDA treated neurons at different nicotine concentrations, with intensity increasing with higher concentrations. DMSO is a control.]

FIGURE 3
 Represents nicotine attenuates the degeneration of DA neurons by 6-OHDA intoxication in BZ555 transgenic C. elegans. (A) Images representing fluorescence GFP: Pdat-1 expression patterns in DA neurons of the worms BZ555. (B) Graphical demonstration of GFP expression pattern of fluorescence in DA neurons of the worms BZ555 treated with or without 6-OHDA/nicotine was computed using ImageJ software. Scale bar 50 μm. The results indicate nicotine at 100,150, and 200 μM recovers the DA neuron degenerations up to 14, 33, and 40% dose-dependently. Data were computed by mean ± SD (n = 30). A hash (#) indicates significant differences between 6-OHDA-treated and untreated animals (< 0.005).




3.3 Nicotine reduced α-synuclein aggregation in transgenic Caenorhabditis elegans in a dose-dependent manner

C. elegans are devoid of the SNCA orthologous gene. In contrast, nematode genetic flexibility enables the transgenic overexpression of human SNCA genes in muscle walls to investigate SNCA accumulation (Holmqvist et al., 2014). We selected C. elegans OW13 transgenics for examining protein α-Syn aggregation. As a result of the strain’s advantages, OW13 displays higher expression levels and progressive motility defects like PD. Consequently, it demonstrated in vivo aggregative toxicity of protein α-Syn (Muhammad et al., 2022). To observe the active role of nicotine in decreasing α-Syn accumulated toxicity, we treated the worms with or without nicotine. Our assessment verified that nicotine at 100, 150, and 200 μM significantly reduced α-Syn aggregates fluorescence intensity by about 53, 56, and 78% (p ≤ 0.005) compared to untreated groups, dose-dependently. ImageJ software quantifies α-Syn numbers and aggregate volumes of fluorescence intensity Figure 4.

[image: Panel A shows fluorescent images of C. elegans at different nicotine concentrations (0, 100, 150, and 200 micromolar) with varying fluorescence intensity. Panel B is a bar graph illustrating the decrease in fluorescence intensity of alpha-synuclein in OW13 worms with increasing nicotine concentration. Bars represent 0, 100, 150, and 200 micromolar treatments, showing a significant reduction at each step marked by asterisks, indicating statistical significance.]

FIGURE 4
 A represents that Nicotine treatment decreases α-Syn accumulations in OW13 worms. (A) GFP fluorescence expressions in OW13 muscle walls. (B) Graph representing the data of fluorescence intensities in worms calculated by mean ± SD (n = 30). Scale bar 50 μm. ImageJ software was used to quantify the fluorescence images. Data shows that nicotine at 100, 150, and 200 μM attenuated the α-Syn accumulations up to (53%), (56%), and (78%) (p ≤ 0.005) compared to untreated groups, dosedependently. (*) An asterisk depicts the significant difference between nicotine-treated and untreated groups (p ≤ 0.005).




3.4 Nicotine recovers lipid deposition in transgenic strains Caenorhabditis elegans

Protein α-Syn has associations with lipid contents and fatty acid modifications, and together they start vesicle formation via a definite mechanism (Jadiya et al., 2011). In OW13 worms, the lipid contents are significantly reduced due to α-Syn existence (Chalorak et al., 2018). α-Syn toxicity disrupted lipid composition in the worms. Moreover, the toxic nature of accumulated α -Syn leads to lipid peroxidation (Saewanee et al., 2021). Lipid molecules are not only responsible for supporting a cell’s structure and constructing membrane components, they are also involved in CNS communication. After nicotine treatment at different concentrations in OW13, we analyzed the lipid content in untreated and nicotine-treated OW13 strains through Nile red staining. In our experiments, nicotine increased the level of lipids by 6.0, 26, and 33% (p ≤ 0.005) dose-dependently Figure 5. A negative control, N2, was also used to compare the lipid content of transgenic OW13 with N2. The lipid content of N2 was 51% higher than that of untreated OW13.

[image: Panel A shows fluorescent microscopy images of lipid deposits in organisms treated with varying nicotine concentrations (0, 100, 150, 200 micromolar) and a control (N2). All images have a scale bar of 50 micrometers. Panel B depicts a bar graph illustrating the fluorescence intensity of lipid deposits across different nicotine concentrations, with N2 showing the highest intensity and others decreasing in comparison. Statistical significance is indicated for certain bars.]

FIGURE 5
 Nicotine increases lipid content in OW13 nematodes. (A) Representative Nile red staining images of nematode strains OW13 & N2. (B) Graphical representation of fluorescence intensities after Nile red staining as calculated by ImageJ. The data shows the mean ± SD (n = 30). Scale bar 50 μm. The N2 group was used as a negative control to verify whether α-Syn existence affects lipid deposits. The double asterisk (**) shows the significant augmentation of lipid deposits after nicotine treatment (6, 26, 33%) compared to the untreated groups (p ≤ 0.005), and hash (#) describes the significant difference between N2 and untreated group (OW13 without nicotine treatment) (p ≤ 0.005).




3.5 Nicotine recovers food sensing behavior in transgenic strain Caenorhabditis elegans in a dose-dependent manner

Researchers have demonstrated that animals exposed to 6-OHD exhibit a phenotype of DA neurodegeneration, which subsequently affects dopamine synthesis (Eo et al., 2019). Migration of C. elegans is determined by their bodies bending frequently, which determines their speed (Ezcurra et al., 2011; Kress et al., 2014). On NGM media, C. elegans could sense food sources, usually bacterial lawns. DA neuronal circuits are responsible for C. elegans’ basal slowing rate with food. Consequently, degenerative DA neurons lead to a lower dopamine level, which lowers the ability of nematodes to sense food. Compared with worms treated only with 6-OHDA, the locomotory rate would decrease if nicotine could decrease the 6-OHDA-induced DA neuron degeneration. Nicotine is examined for its ability to save nematodes’ food-sensing behavior under 6-OHDA treatment. As a next step, we examined defects in food-sensing (counted as a “slowing rate”) in 6-OHDA treated worms (BZ555). As compared to control without 6-OHDA treatment, the slowing rate of BZ555 nematodes was decreased 70% (p ≤ 0.005), demonstrating DA neuron dysfunction causes a deficit in food-sensing behavior. We observed that nicotine in BZ555 diminished DA neuron degeneration and significantly increased the slowing rate at (100 μM, by 18%), (150 μM, by 49%), and (200 μM, by 86%) (p ≤ 0.005), dose-dependently. These data collectively proved that nicotine could restore 6-OHDA-mediated DA neuron dysfunction Figure 6A.

[image: Bar graphs showing two sets of data. Graph A depicts the rate of body bends per 20 seconds in various conditions, with reduced bending in 6-OHDA conditions. Graph B illustrates dopamine content in picograms per milligram across different nicotine concentrations and 6-OHDA, showing decreased dopamine in 6-OHDA and increased dopamine with higher nicotine concentrations. Statistical significance is indicated by symbols (#, *, **, ***).]

FIGURE 6
 (A) Nicotine ameliorated DA neuron degeneration in 6-OHDA-treated BZ555 worms. The bending frequency (locomotory rate) of the groups 6-OHDA treated and un-treated, while 6-OHDA/nicotine-treated or un-treated C. elegans were in a bacterial lawn or without bacterial lawns assessed in this behavior test. Results exhibited that nicotine at 100 (18%), 150 (49%), and 200 (86%) in BZ555 diminished DA neuron degeneration. The data was calculated using the mean ± SD (n = 30). # hash represents a significant difference between control and 6-OHDA treated nematodes. In contrast, * asterisk represents the significant difference between the worm groups 6-OHDA/nicotine with the control groups in the worms BZ555 (p ≤ 0.005). (B) Represents the alleviative effects of nicotine on DA content levels after 6-OHDA treatment. 6-OHDA-intoxicated strains reduced dopamine levels to 63% (p ≤ 0.005) compared to untreated control. We observed that nicotine significantly increased dopamine levels at 100 (21%), 150 (45%), and 200 (58%) μM in 6-OHDA intoxicated BZ555 worms dose-dependently. The data represent the mean ± S.D. (N = 3). The # hash shows a significant difference between control and 6-OHDA-treated nematodes. While the * asterisk represents a significant difference between 6-OHDA and nicotine-treated groups (p ≤ 0.005).




3.6 Nicotine restores dopamine contents in 6-OHDA intoxicated transgenic Caenorhabditis elegans strains in a dose-dependent manner

We used an ELISA assay to measure dopamine levels in 6-OHDA and 6-OHDA / nicotine-treated BZ555 strains. We observed that the 6-OHDA-intoxicated strain’s dopamine level was reduced compared to the untreated strain. The dopamine levels in 6-OHDA-intoxicated strains reduced by 63% (p ≤ 0.005) compared to untreated control. We observed that nicotine significantly increased dopamine levels by 21, 45, and 58% in 6-OHDA intoxicated BZ555 worms dose-dependently (p ≤ 0.005) Figure 6B.



3.7 Nicotine reduced in vivo ROS generation in a dose-dependent manner

Per the redox theory of aging, oxidative stress plays a pivotal role in aging (Luceri et al., 2018). A meta-analysis of 47 epidemiologic studies of PD validates the rise of PD incidence with age progression (Collier et al., 2017; Simon et al., 2020). There is also evidence that α-syn aggregation contributes to mitochondrial ROS production (Hsu et al., 2021). An aim of the study was to determine whether nicotine has an antioxidative effect. The ROS labeling dye H2DCF-DA was used to investigate this. Our experimental observation confirmed that nicotine at 100, 150 and 200 μM reduced ROS productions by 34, 63 and 69% dose-dependently as compared to control worms (p ≤ 0.005) Figure 7A.

[image: Three bar graphs labeled A, B, and C depict biological effects of nicotine at different concentrations. Graph A shows internal cell ROS percentage decreasing with increased nicotine, compared to a control. Graph B shows the number of alive C. elegans against thermal stress increasing with nicotine concentration. Graph C shows the survival rate against juglone also increasing with more nicotine. Error bars indicate variability, and statistical significance is marked with asterisks.]

FIGURE 7
 (A) Defined the anti-ROS role of nicotine on alive OW13. OW13 was treated with 100, 150, and 200 μM nicotine for 72 h. The samples were then treated with fluorogenic substrate H2DCF-DA in 96-well microtiter plates, and readings were recorded. Results showed that nicotine significantly reduced the ROS production in alive worms up to 100 (34%), 150 (63%), and 200 μM (69%) compared to untreated groups. Data representing the mean ± SD (n = 3). (*) depicting the significant difference of (p ≤ 0.005) between nicotine and untreated groups. # hash represents significant differences of (p ≤ 0.005) between the blank and control group. (B) Represents nicotine-significant tolerance against high temperatures of 37°C after 3 h. The result shows that nicotine-treated worms at 100 μM (13%), 150 μM (22%), and 200 μM (30%) survived longer than untreated worms. The data represent the mean ± S.D. (n = 3). * An asterisk indicates significant differences (p ≤ 0.005) between the nicotine-treated and control samples. (C) Represents the nicotine anti-oxidant effect against Juglone in OW13. The result shows that Juglone/nicotine-treated worms at 100 μM (11%), 150 μM (26%), and 200 μM (30%) survived longer than untreated worms (Juglone only). The data represent the mean ± S.D. (n = 3).* An asterisk indicates significant differences (p ≤ 0.005)between nicotine-treated and control samples.




3.8 Nicotine-enhanced thermotolerance in transgenic strains of Caenorhabditis elegans in a dose-dependent manner

A previous study has shown that nematode thermal stress is relevant to increasing oxidative stress (Koch et al., 2019). In order to investigate the effect of nicotine on thermotolerance, all treated and untreated worms were moved to 37°C for three hours, and the number of live and dead OW13 worms was counted. The nicotine-treated worms survived longer at 100 μM(13%), 150 μM(22%), and 200 μM(30%) than the untreated worms Figure 7B.



3.9 Nicotine enhanced the antioxidant capcity in a dose-dependent manner

The effectiveness of a drug under oxidative stress is often related to its ability to extend its life span and to act as an antioxidant (Pandey et al., 2019). It has been shown that worms have an increased antioxidant capacity when their antioxidant system is activated (Shi et al., 2023). We tested the antioxidant capability of nicotine by exposing different treated and untreated BZ555 C. elegans to juglone, an oxidative stressor. Juglone/nicotine-treated worms at 100 μM,150 μM, and 200 μM survived longer by 11, 26 and 30% than untreated worms (Juglone only) Figure 7C.



3.10 Nicotine-enhanced Daf-16 nuclear translocation in transgenic strains Caenorhabditis elegans in a dose-dependent manner

Under stress conditions, DAF-16, a C. elegans homolog of the forkhead transcription factor (FOXO), is activated and different protective genes are expressed (Link et al., 2016; Zecic and Braeckman, 2020). DAF-16 normally resides in the cytoplasm. In order to activate downstream target genes, activated DAF-16 is transferred from the cytoplasm to the nucleus (Mukhopadhyay et al., 2006). The nuclear localization of DAF-16 can be induced by oxidative stress (Senchuk et al., 2018). TJ356 transgenic worms were used to investigate the effect of nicotine on DAF-16 nuclear translocation. Nicotine-treated worms at 100 μM, 150 μM, and 200 μM enhanced DAF-16 translocation from cytoplasm to nucleus by 14, 31, and 49% in a dose-dependent manner (p ≤ 0.005) Figure 8.

[image: Fluorescent microscopy images and a bar chart. Four panels (A) display different concentrations of nicotine (0, 100, 150, 200 µM) affecting a specimen, showing varying fluorescence intensities at 50 µm scale. The bar chart (B) shows mean fluorescence intensity increasing with nicotine concentration (0 to 200 µM), with statistical significance indicated by asterisks.]

FIGURE 8
 Transgenic strain TJ356 exhibits nicotine’s anti-oxidative capacity through the Daf-16 pathway in a dose-dependent manner. The intensity of GFP in transgenic strain TJ356 is represented by (A). A dose-dependent pattern of Daf-16 nuclear translocation in TJ356 worms treated with nicotine at 100 μM (14%), 150 μM (31%), and 200 μM (49%) is apparent compared to untreated groups. (B) Shows a graphical representation of TJ356 fluorescence intensity calculated using image J. The data represent the mean ± S.D. (n = 30). Scalebar 50 μm. * An asterisk indicates significant differences (p ≤ 0.005) between nicotine-treated and control samples.




3.11 Nicotine-enhanced Sod-3 expression in transgenic strains Caenorhabditis elegans in a dose-dependent manner

SOD activity plays a key role in scavenging ROS. The high antioxidative properties of a drug contribute to its ROS scavenging capacity (Van Raamsdonk and Hekimi, 2012; Niu et al., 2021). In CF1553 worms, sod-3::gfp encodes superoxide dismutases. The effects of nicotine on the CF1553 worms were determined by treating them with nicotine and determining its antioxidative properties. A dose-dependent increase in SOD-3 expression was found by nicotine in CF1553 worms as compared to control (CF1553 without any drugs) at (100 μM,10%), (150 μM, 19%), and (200 μM, 23%), (p ≤ 0.005) Figure 9.

[image: Four panels labeled A show fluorescent microscopy images of samples with different concentrations of nicotine: 0, 100, 150, and 200 micromolar. Panel B is a bar graph depicting the fluorescent intensity of SOD-3 at varying nicotine concentrations, with intensity increasing as the nicotine concentration rises. Bars are labeled: 0, 100, 150, and 200 micromolar. Statistical significance is noted with asterisks.]

FIGURE 9
 Reporter gene SOD-3::GFP increased anti-oxidant enzymes in transgenic CF1553 worms on nicotine treatment. (A) A clear illustration of SOD-3 GFP overexpression in worms treated with nicotine at 100 μM (10%), 150 μM (19%), and 200 μM (23%). (B) A graphic representation of SOD-3 reporter gene expression shows that nicotine enhanced antioxidative enzyme actions while reducing oxidative stress, a leading cause of ROS production in Parkinson’s disease. Data were calculated as mean ± SD (N = 30). Scale bar 50 μm. * describes a significant difference of p ≤ 0.005 between nicotine-treated and untreated groups.





4 Discussion

In this study, nicotine was evaluated for its therapeutic efficacy in C. elegans models of Parkinson’s. Our research techniques use the benefits of the C. elegans model for drug testing, forecasting a drug-specific mode of action comprising easy and exact visualizations of live DA neuron degeneration and α-syn aggregative toxicity. Further, small-scale NGM media culturing of C. elegans models significantly reduced the number of drugs needed for examinations. Assays based on C. elegans could be influential for rapid assessment, low cost, and screening many novel neuroprotective drugs (Naseer et al., 2021). We assessed nicotine’s optical and toxic concentrations in our C. elegans PD models using a food clearance test. Due to the advantages of growing C. elegans in Escherichia coli liquid cultures and the short life cycle, nicotine was tested at the rate at which the food source OP50 (E. coli bacterial strains) was consumed. In an optical observation, worms treated at 250 μM dilution showed toxic behavior, leading to a smaller body size and fewer offspring. This resulted in the death of adults at day intervals and a decrease in food clearance. A concentration of 100, 150, and 200 μM of nicotine added to cultures containing BZ555 and OW13 did not affect food clearance as compared to a concentration of 250 μM (Figure 2).

The 6-OHDA neurotoxin was chosen for this study based on its ability to selectively destroy DA neurons. The transport mechanisms of dopamine allow 6-OHDA to pass in neurons after treatment (Estrada-Valencia et al., 2022). DA neurons degenerate, causing Parkinson’s disease. BZ555 shows PD-like symptoms due to 6-OHDA-induced desensitization of DA neurons (Nass et al., 2002; Kumari et al., 2021). After creating the neurodegenerative model, we treated it with nicotine at 100, 150, and 200 μM concentrations. Compared to control groups, nicotine-recovered degenerated DA neurons dose-dependently (Figure 3). Furthermore, the ELISA assay also revealed that nicotine/6-OHDA treated worms exhibited an increase in DA levels compared to controls (Figure 6B).

The DA neurons control C. elegans’ food-sensing behavior (Liao et al., 2020). The uptake of 6-OHDA causes desensitization of DA neurons, which affects functions such as movement and food sensing, which is restored after nicotine treatment (Figure 6A). Nicotine’s antioxidant activity may be responsible for its neuroprotective effects in 6-OHDA neuronal loss, food-sensing behavior defects, and dopamine level declines. The accumulation of protein α-Syn in neuronal cells is another characteristic of Parkinson’s disease (Bérard et al., 2022). Accumulated α-Syn in the muscle walls specifying the in vivo toxicity leading to PD-like progressive motility in C. elegans (Maulik et al., 2019). In this study, we examined the therapeutic effect of nicotine on α-Synuclein disaggregation in C. elegans strain OW13. As a result of the present study, we observed reduced aggregation of α-synuclein and hypothesized that nicotine might promote neuroprotection (Figure 4). There are large quantities of lipid molecules in the CNS, suggesting that their functions are not limited to cell drive or structural component production (Dyall et al., 2022). It is well known that some lipids in the CNS play a vital role in neurotransmission (Xu et al., 2022). Neurodegenerative diseases are caused by defective cell signaling pathways (Hannan et al., 2020). The lipid content of cells modulates all signaling activities (Chen et al., 2020). The altered fatty acid and lipid content levels in Parkinson’s disease concern toxic α-synuclein accumulation through the binding of α-synuclein with lipids (Chalorak et al., 2018; Amri et al., 2022). OW13 worms stained with Nile Red showed significantly higher lipid depositions after nicotine was added (Figure 5).

Our study also found that nicotine reduced α-synuclein accumulation, reduced lipid peroxidation, and restored lipid levels. Thus, such protective effects could maintain efficient cellular signaling by regulating lipid arrangement disturbances. Both sporadic and familial forms of Parkinson’s disease are thought to be caused by oxidative stress (Chang and Chen, 2020). A moderate level of oxidative stress can therefore lead to cellular reactions and neuronal cell death (Tchekalarova and Tzoneva, 2023). In epidemiologic studies of PD, age progression and oxidative stress are associated with higher PD incidence (Collier et al., 2017). Nicotine reduced in vivo ROS levels dose-dependently and protected neurons against oxidative stress (Figure 7A). C. elegans’ oxidative stress increases with thermal stress (Koch et al., 2019). The survival rate of nicotine-exposed worms was higher than untreated worms in a dose-dependent manner (Figure 7B). The naphthoquinone juglone is one of the most abundant naphthoquinones, belongs to the quinone class, and produces hydrogen peroxide and intracellular superoxide. As a result, biological macromolecules are damaged, and the aging process and diseases are accelerated (Benites et al., 2018; Ramos Boldori et al., 2023). Our worms were treated with Juglone, an intracellular ROS generator, to validate nicotine’s effect against oxidative stress. Nicotine treated worms have a higher survival rate under stressed conditions than untreated worms (Figure 7C).

Stress tolerance and lifespan extension are well-known functions of DAF-16, a downstream transcription factor of the IIS pathway (Zhu et al., 2023). Inhibition of insulin/IGF receptor DAF-2 reduces the activity of phosphoinositide 3-kinase (PI3K)/Akt kinase cascade, which, in turn, dephosphorylates and activates DAF-16/FOXO transcription factor through enhanced translocation from the cytoplasm to the nucleus, regulating genes involved in stress resistance and longevity (Sun et al., 2021). Nicotine promoted the translocation of DAF-16 to the nucleus, activating detoxification and defense proteins in the nematode. A higher fluorescence was observed in nicotine-treated TJ356 than in untreated cells, suggesting that this factor is translocated from the cytoplasm to the nucleus (Figure 8). Superoxide dismutase (SOD-3) is an antioxidant enzyme that reduces ROS to prolong life (Balestrino and Schapira, 2019). PD is a neurodegenerative disorder associated with aging. An important risk factor for PD is mitochondrial ROS-induced oxidative stress (Kung et al., 2021). The C. elegans genome contains five superoxide dismutase (SOD) genes. The antioxidant enzyme SOD-3 reduced oxidative stress by reducing ROS and contributed to a longer lifespan (Li et al., 2021). Therefore, we assessed the active role of nicotine in promoting SOD-3 activity in CF1553 C. elegans. Nicotine treatment at 100, 150, and 200 μM concentrations exhibited a significant increase in SOD-3 expression compared to untreated groups (Figure 9). In our study, nicotine demonstrated antioxidative properties and reduced ROS levels in worms. Based on the tests above, nicotine is probably associated with neuroprotective effects due to its anti-radical properties. Future research will be needed to determine the precise mechanism behind these results.



5 Conclusion

Nicotine’s neuroprotective effects were assessed in pharmacological transgenic PD models. According to our assessment, nicotine augmented neuroprotection in 6-OHDA-treated nematodes and reduced α-synuclein accumulation—furthermore, our drug increased lipid deposition, food sensing behavior, SOD-3, and Daf-16 fluorescence. Based on various assays, nicotine exhibited excellent antiparkinsonian properties. Compounds like this are readily available, inexpensive, and highly effective ways to regulate DA neurons. It is the first report examining nicotine’s anti-parkinsonism properties in C. elegans PD models. Further research will be required to determine the precise mechanism behind these results.
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Introduction: Neutrophil extracellular traps (NETs) provide key innate immune mechanisms, and studies have shown innate immunity and adaptive immunity are directly linked to Parkinson’s disease (PD) pathology. However, limited research has been conducted on NETs in the context of PD.
Methods: A differential analysis was implemented to acquire differentially expressed genes (DEGs) between PD and control as well as between high- and low-score groups determined by a gene set variation analysis (GSVA). Then, the genes within the critical module, obtained through a weighted gene co-expression network analysis (WGCNA), were intersected with the DEGs to identify the overlapping genes. Then, five kinds of algorithms in the protein–protein interaction (PPI) were performed to identify potential biomarkers. Subsequently, a nomogram for forecasting PD probability was created. An enrichment analysis and an immune infiltration analysis were performed on the identified biomarkers. qRT-PCR was performed to validate the expression trends of three biomarkers.
Results: We revealed 798 DEGs between PD and control groups as well as 168 DEGs between high- and low-score groups obtained by differential analyses. The pink module containing 926 genes was identified as the critical module. According to the intersection of these gene sets, a total of 43 overlapping genes were screened out. Furthermore, GPR78, CADM3, and CACNA1E were confirmed as biomarkers. Moreover, we found that biomarkers mainly participated in pathways, such as the ‘hydrogen peroxide catabolic process’, and ‘cell cycle’; five kinds of differential immune cells between PD and control groups were identified. Finally, the qRT-PCR analysis demonstrated the up-regulation of GPR78, CADM3, and CACNA1E in the PD group.
Discussion: Our study authenticated GPR78, CADM3, and CACNA1E as the biomarkers associated with PD. These findings provide an original reference for the diagnosis and treatment of PD.

Keywords
 neutrophil extracellular traps; Parkinson’s disease; GPR 78; CADM3; CACNA1E; bioinformatics


1 Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by the deterioration of motor activities. This deterioration results from the impairment of the dopaminergic nigrostriatal system causing the primary motor symptoms, including static tremor, bradykinesia, rigidity, and postural instability. These symptoms can arise from both genetic and environmental risk factors (Kalia and Lang, 2015). The characteristic pathological change of PD was aggregation of intraneuronal α-synuclein known as Lewy bodies (LB). Research by Andrei Surguchov and Alexei Surguchev found that synucleins, small intrinsically disordered proteins prone to aggregation, are implicated in both neurodegenerative diseases and cancer (Surguchov and Surguchev, 2022). The onset of the disease predated the first clinical symptom for many years. However, the precise etiology of dopaminergic cell death remains elusive. While 5–10% of PD cases have a genetic basis, resulting from mutations in genes such as SNCA encoding alpha-synuclein, DJ-1, PINK, and LRRK2, leading to early onset of PD, the majority of cases are idiopathic and associated with aging. In addition to genetic predisposition, other risk factors included environmental toxins, pesticides, heavy metals, traumatic lesions, and bacterial or viral infections (Wirdefeldt et al., 2011), all of which are closely associated with inflammation. Research studies have demonstrated that neuroinflammation contributed significantly to the pathophysiology of PD and was intricately linked to both its onset and progression (Araújo et al., 2022).

Previous studies have identified shared genetic variants among PD patients and other autoimmune and inflammatory disorders, including Crohn’s disease, further supporting the involvement of the immune system in PD pathogenesis (Witoelar et al., 2017; Hui et al., 2018). Moreover, exposure to environmental insecticides has been shown to enhance immune responses in individuals carrying HLA-DR variants, thereby increasing the risk of developing PD by 2.48-fold (Kannarkat et al., 2015). However, the precise trigger for inflammation in PD remains unclear. In addition to the extensively documented microgliosis and astrogliosis in PD brains, peripheral inflammation and PD risk-associated genes substantiate a significant contribution of the chronic inflammatory response to the progression of this neurodegenerative disorder.

Neutrophil extracellular traps (NETs) are intricate structures composed of chromatin filaments coated with histones, proteases, and granular and cytosolic proteins. The process known as NETosis refers to the production and release of these NETs by neutrophils. NETosis facilitates the immobilization and capture of bacteria, fungi, or viruses by neutrophils, thereby enhancing the efficient elimination of pathogens. Although the formation of NETs is a key bactericidal mechanism, emerging research has demonstrated that NETs can also elicit detrimental effects on the human body. Recently, emerging evidence suggests that NETs may play a significant role in the pathogenesis of various non-infectious diseases, such as systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), diabetes, atherosclerosis, vasculitis, thrombosis, cancer, wound healing, and trauma. The release of NETs can damage the host tissue, promote the development of autoimmunity, and give rise to other dysfunctional outcomes, including metastasis, thrombosis, and aberrant coagulation. The NET formation has been reported to play a role in the pathophysiological processes of various brain injuries (Vaibhav et al., 2020). Zenaro et al. (2015) recently demonstrated the generation of endovascular NETs in an animal model of Alzheimer’s disease (AD), resulting in the disruption of the blood–brain barrier (BBB). Additionally, intravascular NET-induced thrombosis may exacerbate cerebral amyloid angiopathy, a distinctive feature of AD resulting from Aβ deposits.

Despite there has been an extensive understanding of the pathogenesis and epidemiology of PD, the etiology remains elusive, and no definitive cure or preventive therapy has yet been discovered (Kalia and Lang, 2015; Blauwendraat et al., 2020). The diagnosis of PD, however, remains a challenge due to the overlapping clinical features with other neurodegenerative conditions and the lack of definitive diagnostic tests or biomarkers in the early stages. The findings collectively indicate that the immune system and inflammation play a crucial role in the development of PD (Calabrese et al., 2018; Mészáros et al., 2020). Net-induced inflammatory changes are implicated in a range of neurodegenerative alterations. Hence, this study aimed to identify NET-associated gene biomarkers through a bioinformatics gene analysis as a foundation for early diagnosis of Parkinson’s disease.



2 Materials and methods


2.1 Data sources

The datasets of PD were achieved through the GEO database. The GSE22491 dataset (GPL6480, Whole Human Genome Microarray 4x44K G4112F) comprised microarray data from 8 control samples and 10 PD samples, and it was utilized for the training set. Moreover, there were RNA-sequencing (RNA-seq) data from 22 control samples and 50 PD samples in the GSE6613 dataset (GPL96 [HG-U133A], Affymetrix Human Genome U133A Array). The GSE49126 dataset (GPL4133, Agilent-014850 Whole Human Genome Microarray 4x44K G4112F) contained microarray data from 20 control samples and 30 PD samples. The GSE6613 and GSE49126 datasets were utilized as external validation sets. The samples in the GSE22491 and GSE49126 datasets were peripheral blood mononuclear cells (PBMC) samples, and the samples in the GSE6613 dataset were whole blood samples. In addition, 136 NET-related genes (NETRGs) were extracted based on the references after removing the repetitions (Wu et al., 2022). The flowchart of this study is listed in Figure 1.
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FIGURE 1
 Flow chart of this study. DEG, differentially expressed gene; PD, Parkinson’s disease; EPC, percolated component; MNC, maximum neighborhood component; DMNC, density of maximum neighborhood component; MCC, maximal clique centrality; NETRGs, neutrophil extracellular trap-related genes.




2.2 Differential expression analysis and enrichment analysis

In the GSE22491 dataset, DEGs between PD and control groups were acquired by the limma (v 3.52.4) (Ritchie et al., 2015) package (p.value <0.05, |log2FC| > 1). We adopted Agilent software to process the data before the differential expression analysis. Then, the heat maps and volcano maps of differentially expressed genes (DEGs) between PD and control groups were plotted by pheatmap (v 1.0.12) and ggplot2 (v 3.3.6) (Ito and Murphy, 2013) packages, respectively. For further observing and investigating the items and signaling pathways that these DEGs were involved in, then the Gene ontology (GO) (p.adjust <0.05) and Kyoto Encyclopedia of Genes and Genomes (p.value <0.05) enrichment analyses were performed using clusterProfiler (v 4.4.4) package (Wu et al., 2021). According to the expression levels of NETRGs, the score of each sample was computed using the gene set variation analysis (GSVA). (v 1.46.0) package (Hänzelmann et al., 2013), and then, the samples were classified into high- and low-score groups based on the median GSVA score. Subsequently, the hallmark pathway scores of two score samples were computed using the GSVA (v 1.46.0) package (Hänzelmann et al., 2013). The differences in pathway scores between the two score groups were compared by the Wilcoxon test method. Meanwhile, the DEGs between the two score groups were acquired by the limma (v 3.52.4) (Ritchie et al., 2015) package (p.value <0.05, |log2FC| > 1).



2.3 The weighted gene co-expression network analysis (WGCNA) and screening of overlapping genes

The WGCNA was performed on all samples in the training set to screen the critical module. First, outlier samples were eliminated to secure the precision of the analysis by sample clustering. An appropriate soft threshold (β) was selected to make sure that the engagement between genes conformed to the scale-free distribution to the maximum extent. Then, different modules were obtained by the dynamic tree-cutting algorithm. Subsequently, the sample grouping (control and PD) was utilized as traits, and the correlation analysis was utilized to evaluate the relationships between modules and the traits. Finally, the module that most related to the traits was defined as the critical module. Furthermore, the DEGs between PD and control groups, DEGs between two score groups, and the genes in the critical module were overlapped to achieve the overlapping genes. In addition, the chromosomal localization analysis of overlapping genes was conducted using the RCircos package (Zhang et al., 2013).



2.4 Identification and verification of biomarkers

Based on the above overlapping genes, the protein–protein interaction (PPI) network was created. Then, percolated component (EPC), maximum neighborhood component (MNC), degree, density of maximum neighborhood component (DMNC), and maximal clique centrality (MCC) algorithms were performed to acquire the candidate genes, and then, the top 5 genes in the five algorithms were selected as the candidate genes. Furthermore, the top 5 genes in those five algorithms were intersected to screen out biomarkers. In addition, the Wilcoxon test method was conducted to compare the differences in the expression of biomarkers between control and PD groups in the training set, GSE6613, and GSE49126 datasets. In addition, according to the above biomarkers, a nomogram for forecasting the disease probability of PD patients was created. Moreover, a calibration curve was drawn to evaluate the precision of the model.



2.5 Enrichment analysis

To investigate the related biological functions and pathways of the biomarkers, moreover, the ‘c5.go.v2022.1.Hs.entrez.gmt’ and ‘c2.cp.kegg.v7.5.1.symbols.gmt’ were utilized as the background gene set, and then, the gene set enrichment analysis (GSEA) was conducted using the clusterProfiler (v 4.4.4) package (Wu et al., 2021) (|NES| > 1, NOM p < 0.05, and q < 0.25). Furthermore, in order to further understand the molecular mechanism of biomarkers, the classical signaling pathway analysis was performed by the ingenuity pathway analysis (IPA) to explore the signaling pathways that were significantly affected by the biomarkers (p < 0.05). Moreover, the relationships between biomarkers and other diseases or functions were analyzed.



2.6 Immune infiltration analysis

In order to further explore the immune infiltration condition, in the GSE22491 dataset, the CIBERSORT algorithm was implemented to analyze the infiltration abundance of the immune cells in every PBMC sample. Furthermore, the differential immune cells between PD and control groups were identified by the t-test (p < 0.05). Moreover, the relationships between biomarkers and differential immune cells were computed by the Spearman method.



2.7 The regulation network and the drug prediction

The miRNAs corresponding to the above biomarkers were forecasted using the miRDB,1 miRmap,2 and miRWalk3 online databases. The miRNAs in those three databases were crossed to acquire the common miRNAs (co-miRNAs) of each biomarker. Moreover, the TFs of the biomarkers were forecasted by the ChIP-X Enrichment Analysis 3 (ChEA3)4 online database. The TF–mRNA–miRNA regulatory network was created. Furthermore, based on the co-miRNAs of each biomarker, the lncRNAs were forecasted using the StarBase online tool.5 In addition, the potential drugs of those above biomarkers were acquired through the drug–gene interaction database DGIdb (www.dgidb.org) and CTD6 database. Moreover, the mRNA–drug network was created.



2.8 Power analysis

To evaluate the adequacy of the sample size, we conducted a power analysis utilizing the R package pwr (Version 1.3–0) to estimate the sample size based on biomarkers. The significance level was set at 0.05, with a desired statistical power level of 0.9. The effect size for the t-test (Cohen’s d) was computed using RNA-seq data.



2.9 Quantitative real-time PCR verification

The blood samples were obtained from patients with knowledge and consent from The First Hospital of Lanzhou University, and this study was approved by The First Hospital of Lanzhou University ethics committee. There were five PD samples and five control samples. Total RNA from blood samples was isolated and purified by TRIzol (Ambion) reagent following the instruction manual. Then, the extracted RNA was tested for concentration by NanoPhotometer N50. Then, reverse transcription was performed utilizing SureScript-First-strand-cDNA-synthesis-kit (Servicebio) with an ordinary PCR instrument to synthesize cDNA. Reverse transcription product cDNA was diluted 5–20 times with ddH2O (RNase/DNase free). Subsequently, polymerase chain reaction (PCR) amplification reaction was performed by CFX96 real-time quantitative PCR instrument: 1 min at 95°C (pre-denaturation), followed by at 95°C for 20 s (denaturation), 55°C for 20 s (annealing) and 72°C for 30 s (elongation). The above reactions were subjected to 40 cycles. Primer sequences are shown in Table 1.



TABLE 1 Primer sequences for quantitative real-time PCR verification of three co-DEGs.
[image: Table showing primers and sequences for GPR78, CADM3, CACNA1E, and GAPDH. Each primer is listed with forward (F) and reverse (R) sequences, along with internal reference information. DEG refers to a differentially expressed gene.]




3 Results


3.1 Acquisition of DEGs

In the GSE22491 dataset, there were 798 DEGs between PD and control groups, including 245 up-regulated DEGs and 553 down-regulated DEGs (Figure 2A; Supplementary Table S1). The expression heat map of PD-associated DEGs is shown in Figure 2B. The functional enrichment analysis revealed that the DEGs between the PD and control groups were predominantly enriched in processes related to ‘hydrogen peroxide catabolic process’, ‘specific granule’, ‘haptoglobin binding’, etc. (Figures 2C,D; Supplementary Tables S2–S3). The high- and low-score groups exhibited significant disparities in 15 pathways, including ‘WNT beta catenin signaling’, ‘angiogenesis’, ‘reactive oxygen species pathway’, and other hallmark pathways. These findings indicate functional differences between the two score groups (Figure 2E). A total of 168 DEGs between high- and low-score groups were identified among which 245 DEGs were up-regulated and 553 DEGs were down-regulated (Figure 2F; Supplementary Table S4). The expression heat map of DEGs in the two score groups is shown in Figure 2G.
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FIGURE 2
 Hierarchical clustering analysis of differentially expressed genes between PD and control groups. (A) Volcano map of differentially expressed genes. (B) Expression heat map of PD-associated DEGs. (C) GO enrichment analysis of DEGs. (D) KEGG enrichment analysis of DEGs. (E) Differential path heat map between high- and low-GSVA score groups. (F) Volcano map of differentially expressed genes between high- and low-GSVA score groups. (G) Expression heat map of DEGs between high- and low-GSVA score groups. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEG, differentially expressed gene; PD, Parkinson’s disease.




3.2 Acquisition of critical module and overlapping genes

The sample clustering result indicated there was no outlier sample (Figure 3A); β was 8, indicating that those genes conform to a scale-free distribution to the greatest extent possible (Figure 3B); nine modules were obtained after merging (Figure 3C). The pink module, containing 926 genes, was identified as the critical module (|Cor| = 0.88 and p = 2e-06) (Figure 3D). According to the intersection, 43 overlapping genes were screened out (Figure 3E). The overlapping genes were found on chromosomes 1, 3, 4, 5, 6, 7, 9, 12, 15, 16, 19, 21 and the sex chromosome. For instance, GPR78 was located on chromosome number four (Figure 3F).

[image: A set of images showcases data analysis results. A: Sample dendrogram and trait heatmap with two groups, Control and PD, with variations in orange and white. B: Two graphs display scale independence and mean connectivity against soft threshold power, indicating points from 1 to 20. C: Gene dendrogram with module colors, displaying clustering and distinct color-coded modules. D: Heatmap of module-trait relationships highlighting correlation levels with color intensity and numerical values. E: Venn diagram showing intersection among DEG, GSVA_DEG, and WGCNA datasets. F: Circular plot with labeled gene clusters around the perimeter.]

FIGURE 3
 Critical module and overlapping genes between PD and NETs. (A) Sample clustering diagram. (B) Selection of soft threshold β. (C) Module cluster diagram. (D) Heat map of the relationship between gene modules and traits within sample groups. (E) Venn diagram of candidate genes. (F) Mapping of candidate genes on chromosomes. PD, Parkinson’s disease; NET, neutrophil extracellular traps.




3.3 Three biomarkers were identified

There were 24 overlapping genes in the PPI network, and GPR78 had a higher connectivity degree (Figure 4A). A total of three biomarkers including GPR78, CADM3, and CACNA1E were identified (Figure 4B). In addition, in the training set, these three biomarkers were all up-regulated in the PD group, and they were all significantly different between the two groups (Figure 4C). Meanwhile, in the external validation sets GSE6613 and GSE49126, the expression trends of the three biomarkers were the same as those in the training set, which had good universality (Figures 4D,E). A nomogram for disease diagnostic prediction of the PD patients was created based on GPR78, CADM3, and CACNA1E (Figure 4F). The calibration curve was plotted based on the above nomogram, demonstrating that the predictive ability of the nomogram was favorable (Figure 4G).

[image: (A) Network diagram showing interactions among various proteins labeled with abbreviations like SYNRG and ORM1. (B) Venn diagram displaying overlap of elements among five categories: Degree, DMNC, EPC, MNC, and MCC. (C-E) Box plots for gene expressions across three datasets, comparing control and PD groups. (F) Nomogram showing scoring for CADM3, CACNA1E, GPR78, total points, and PD risk. (G) Calibration curve comparing observed and predicted PD risk with a diagonal reference line.]

FIGURE 4
 Three key DEGs were identified as biomarkers for PD. (A) Construction of candidate gene PPI network. (B) Venn diagram of gene intersection is generated by applying five algorithms. A total of three biomarkers including GPR78, CADM3, and CACNA1E were identified. (C) Validation of key gene expression in training set GSE22491. (D) Validation of key gene expression in training set GSE6613. (E) Validation of key gene expression in training set GSE49126. (F) Nomogram for disease diagnostic prediction of the PD patients was created based on GPR78, CADM3, and CACNA1E. (G) Calibration curve of the nomogram. PD, Parkinson’s disease; DEG, differential expression gene; GPR 78, orphan G protein-coupled receptor 78; CADM3, cell adhesion molecule 3.




3.4 The GSEA of the biomarkers

We performed GSEA on the aforementioned biomarkers. According to the results of GO enrichment analysis, we observed that GPR78 and CACNA1E primarily participated in biological processes such as ‘hydrogen peroxide catabolic process’ and molecular complexes like ‘haptoglobin hemoglobin complex’. Moreover, the KEGG enrichment analysis demonstrated that GPR78, CADM3, and CACNA1E were mainly associated with ‘cell cycle’ and ‘glycine serine and threonine metabolism’ KEGG pathways. (Figures 5A–F; Supplementary Tables S5–S10).

[image: Six line charts labeled A to F display enrichment scores across ranked datasets. Each chart contains multiple colored lines representing different gene sets, a heatmap indicating gene ranks, and a distribution plot for ranked positions. Charts vary slightly in line shapes and colors, indicating diverse enrichment patterns.]

FIGURE 5
 GSEA enrichment analysis of key DEGs. (A) GO enrichment analysis of CACNA1E gene. (B) GO enrichment analysis of CADM3 gene. (C) GO enrichment analysis of GPR78 gene. (D) KEGG enrichment analysis of CACNA1E gene. (E) KEGG enrichment analysis of CADM3 gene. (F) KEGG enrichment analysis of GPR78 gene. DEG, differentially Expressed Gene; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; GPR 78, orphan G protein-coupled receptor 78; CADM3, cell adhesion molecule 3.




3.5 Ingenuity pathway analysis of biomarkers

The IPA results revealed that biomarkers were primarily associated with the ‘S100 Family Signaling Pathway’, ‘Neurovascular Coupling Signaling Pathway’, and other related pathways (Figure 6A; Supplementary Table S11). The biomarkers were involved in ‘Cell Death and Survival’, ‘Inflammatory Response’, etc. biological functions (Figure 6B).

[image: Bar and heatmap charts depict pathway and disease activity patterns. The bar chart shows z-scores for various signaling pathways, indicating positive and negative activities. The heatmap visualizes z-scores across various disease categories, with color coding to highlight activity levels.]

FIGURE 6
 Disease and functional enrichment analysis of key DEGs. (A) Classical pathway analysis of key DEGs. (B) Heat map of key DEGs on disease biological functions. The orange zone represents the activated pathway, and the darker the color, the greater the absolute value of the z-score; blue zone represents the suppressed pathway, and the darker the color, the greater the absolute value of the z-score. DEG, Differential expressed gene.




3.6 Immune infiltration analysis between PD and control groups

The immune cell infiltration level is displayed in Figure 7A. There were five kinds of differential immune cells (resting mast cells, macrophages M0, monocytes, naive B cells, and activated NK cells) between PD and control groups (Figure 7B). We could observe that GPR78, CADM3, and CACNA1E were all negatively correlated with two differential immune cells (naive B cells and resting mast cells) (|Cor| > 0.3) and GPR78 had the highest negatively associated with naive B cells (|Cor| = 0.6465; Figures 7C–F).

[image: A series of graphs and a heatmap analyzing cell types and gene correlation. Panel A shows a stacked bar chart of estimated proportions of various cell types in two conditions. Panel B is a box plot comparing cell type proportions in control and disease (PD) groups. Panel C displays a heatmap showing the correlation of three genes (CADM3, CACNA1E, GPR78) with specific cell types. Panels D, E, and F are scatter plots with trend lines illustrating the correlation of each gene (CADM3, CACNA1E, GPR78) with cell types, with correlation coefficients and p-values indicated.]

FIGURE 7
 Immune infiltration analysis between PD and control groups. (A) Heat map of immune cell infiltration. (B) Box plots of 22 types of immune cell infiltration in PD and control groups. (C) Correlation analysis of key genes and differential immune cells. The blank squares in the figure indicate that the correlation between genes and immune cells is not significant (p ≥ 0.05), and the remained colored squares indicate that the correlation is significant (p < 0.05). Red represents a positive correlation, blue represents a negative correlation, and the darker the color, the stronger the correlation. (D) Scatter plot of correlation between CACNA1E and naive B cells. (E) Scatterplot of correlation between CADM3 and resting mast cells. (F) Scatter plot of correlation between GPR78 and naïve B cells. PD, Parkinson’s disease; GPR 78, orphan G protein-coupled receptor 78; CADM3, cell adhesion molecule 3.




3.7 The miRNA–mRNA–TF and ceRNA networks

According to the intersection, there were 9 miRNAs, 63 miRNAs, and 15 miRNAs forecasted based on GPR78, CADM3, and CACNA1E, respectively, and a total of 86 miRNAs were obtained after eliminating duplicates (Figures 8A–C). A total of 1,632 TFs were screened out, the top 25 TFs were selected for visualization, and the TF–mRNA–miRNA network was created. We found that CADM3 was regulated by the hsa-miR-6721-5p and SCRT1 (Figure 8D; Supplementary Table S12). A total of 1,310 lncRNAs were forecasted; due to the excessive number of lncRNAs predicted in this study, the ceRNA network is shown in Supplementary Table S13. Therefore, the miRNA–mRNA network was created, and hsa-miR-5193 regulated CADM3 and GPR78; moreover, CADM3 and GPR78 were all regulated by hsa-miR-4290 (Figure 8E).

[image: Three Venn diagrams labeled A, B, and C show overlap of data between miRDB (blue), miRmap (yellow), and miRWalk (green) databases, with numbers and percentages in each section. Diagrams D and E depict complex networks with nodes representing genes (red) and miRNAs (blue), connected through lines, illustrating interactions.]

FIGURE 8
 miRNA–mRNA–TF and ceRNA networks. (A) Venn diagram of GPR78 gene predicts miRNA intersection. (B) Venn diagram of CADM3 gene predicts miRNA intersection. (C) Venn diagram of CACNA1E gene predicts miRNA intersection. (D) TF–mRNA–miRNA regulatory network. Red is mRNA; orange is TF; blue is miRNA. (E) mRNA–miRNA regulatory network. Red is mRNA; blue is miRNA. GPR 78, orphan G protein-coupled receptor 78; CADM3, cell adhesion molecule 3.




3.8 The drug prediction

In addition, the mRNA–drug network (65 nodes and 71 edges) was created, including “PREGABALIN,” “1,2-Dimethylhydrazine,” and “Arsenic Trioxide” (Figure 9; Supplementary Table S14).

[image: Network diagram showing relationships between various chemicals and genes. Central red nodes labeled "CADM3," "CACNA1E," and "GPR78" connect to multiple blue nodes representing chemicals like "Formaldehyde," "Lead," and "Fentanyl." The diagram illustrates the interactions between these elements.]

FIGURE 9
 Drug prediction network diagram. Red is mRNA; blue is the predictive drug.




3.9 The verification of biomarkers by qRT-PCR

Power analysis manifested that the sample size required for a single group was 4 (Supplementary Table S15). Based on the qRT-PCR verification results, we found that GPR78, CADM3, and CACNA1E were up-regulated in the PD group, and the validation results were consistent with the above analyses (Figures 10A–C).

[image: Bar graphs labeled A, B, and C compare levels of GPR78, CADM3, and CACNA1E, respectively, between control and PD groups. Each graph shows higher expression levels in the PD group, with statistical significance indicated (p=0.0004 for A and B, p=0.0006 for C, marked with ***). Data is normalized to GAPDH.]

FIGURE 10
 Verification of three DEGs by qT-PCR between PD and control groups. (A) Expression of GPR78 between PD and control groups. (B) Expression of CADM3 between PD and control groups. (C) Expression of CACNA1E between PD and control groups. GPR 78, orphan G protein-coupled receptor 78; CADM3, cell adhesion molecule 3; qRT-PCR, quantitative simultaneous polymerase chain reaction.





4 Discussion

Parkinson’s disease (PD) is a progressive neurodegenerative disorder pathologically characterized by the loss of dopaminergic neurons in the substantia nigra and the presence of protein inclusions termed Lewy bodies (Pajares et al., 2020). NETs are involved in numerous pathological processes, including infection (He et al., 2022), autoimmune diseases (Gupta et al., 2022), tumor development (Tamura et al., 2022), Alzheimer’s disease (Pietronigro et al., 2017), acute ischemic stroke (Vallés et al., 2017), peripheral nerve injury (Tansley et al., 2022), thrombosis (Zhou et al., 2022), and NMDA encephalitis (Qiao et al., 2022; Zhou et al., 2022). However, its role in PD remains unclear. Here, we conducted bioinformatics gene analysis for potential biomarkers and therapeutic targets of PD based on neutrophil extracellular traps. A total of three biomarkers including GPR78 (orphan G protein-coupled receptor 78), CADM3 (cell adhesion molecule 3), and CACNA1E were identified through bioinformatics gene analysis.

GPR78 is a member of the G protein-coupled receptor (GPCR) family, which represents the most abundant group of cell surface receptors. Several members of this family have already been implicated in the pathophysiology of PD. G protein-coupled receptors, including dopamine receptors, play a pivotal role in regulating multiple intracellular signaling pathways, thus modulating the functionality of neuronal circuits affected by PD. In addition to dopamine receptors, several other GPCRs are also capable of regulating the neural circuits affected by PD, and many are currently being investigated as potential therapeutic targets for various aspects of PD. For example, researchers found that the deletion of GPR6 in mice leads to a decrease in striatal cAMP levels, an increase in locomotor activity, and slight reductions in L-DOPA or dopamine agonist-induced dyskinesia (Oeckl et al., 2014). Except for GPR6, the study also found the levels of ecto-GPR37 in the cerebrospinal fluid of PD patients were significantly higher. Moreover, CSF ecto-GPR37 demonstrated superior diagnostic performance for PD than total α-synuclein (Morató et al., 2021). As for GPR78, it was identified by virtue of its homology to orphan GPR26, which was identified in humans and rats (Lee et al., 2000, 2001) The expression of GPR78 mRNA in the pituitary and placenta suggests its potential involvement in the functioning of the hypothalamic–pituitary–adrenal (HPA) axis and pregnancy (Lee et al., 2001). However, until now, no studies have investigated the relationship between GPR78 and PD. Studies have shown that the GPR78 gene is linked to bipolar affective disorder (BPAD) and schizophrenia in a large Scottish family (Underwood et al., 2006). In particular, the neurodegeneration observed in PD is not confined solely to dopaminergic neurons, and patients also experience non-motor symptoms such as cognitive impairment or neuropsychiatric disturbances. The potential involvement of GPR78 in psychiatric symptoms among PD patients warrants further investigation to enhance our understanding. The aforementioned statement serves as a reminder that GPR78 may also play a role in the pathogenesis of PD, necessitating further experimentation to elucidate this association in subsequent studies.

The CADM family of proteins also referred to as nectin-like (Necl) and synaptic cell adhesion (SynCAM) molecules. The CADM protein family comprises four neuron-specific adhesion molecules (CADM1, CADM2, CADM3, and CADM4), CADM1 (Necl2), CADM2 (Necl3), and CADM3 (Necl1) are found in axons, while CADM2 and CADM4 (Necl4) are present in myelinating Schwann cells (Maurel et al., 2007; Spiegel et al., 2007). The malfunctioning of normal CAM is suspected to contribute to synaptic dysfunction, potentially leading to neurodegeneration. As for AD, Necl-1 expression is significantly upregulated in pyroglutamate-modified amyloid β-expressing transgenic mice (TBA42 mice) (Yang et al., 2013). These results suggest that nectins and Necl-1 are implicated in the pathology of AD. A genome-wide association scan in Sardinians revealed that an inflammatory biomarker, monocyte chemotactic protein-1 (MCP-1), was associated with the SNP in CADM3 (rs3845624) (Naitza et al., 2012). In a model of depressive behavior after the immune challenge, cell adhesion molecule 3 (Cadm3) on microglia was over-expressed (Gonzalez-Pena et al., 2016). Currently, there is a dearth of research on the association between CADM3 and PD, and the underlying mechanism by which CADM3 contributes to PD remains elusive. The onset of PD is widely acknowledged to be closely associated with microglia-mediated inflammation. Previous studies have also indicated the involvement of CADM3 in the adhesion of inflammatory cells to endothelial cells and microglia-mediated inflammation. Our study further suggests that CADM3 may contribute to the development of PD through neutrophil extracellular traps (NETs). However, more comprehensive research is required to validate this hypothesis.

In our study, bioinformatics gene analysis found another key gene biomarker of NETs for PD was CACNA1E. The CACNA1E gene exhibits robust expression in the central nervous system and encodes the alpha-1 subunit of the voltage-gated CaV2.3 channel, which mediates high voltage-activated R-type calcium currents that initiate synaptic transmission (Williams et al., 1994; Wormuth et al., 2016). The influx of Ca2+ plays a crucial role in modulating neuronal excitability and activating Ca2 + −dependent physiological processes. However, the rhythmic Ca2+ load in SN DA neurons also induces mitochondrial oxidative stress. Disrupted Ca2+ homeostasis and mitochondrial dysfunction are regarded as pivotal factors in the pathophysiology of PD (Guzman et al., 2010; Zaichick et al., 2017; Zampese and Surmeier, 2020). Researchers found that the Cav2.3 subtype of voltage-gated Ca2+ channels exhibits the highest level of expression in adult SN dopaminergic neurons and levels increase with age (Benkert et al., 2019). In MPTP-induced PD mouse model, global Cav2.3 knockout fully prevented SN DA neuron degeneration and profoundly reduced somatic Ca2+ oscillations (Benkert et al., 2019). In a microbiota-induced depression animal model, proteomic analysis of the olfactory bulb suggests CACNA1E and its downstream CREB signaling were down-regulated, which provides a novel insight for further research of the “microbiota-gut-brain axis” (Huang et al., 2019). PD patients also have a decreased sense of smell, and its pathogenesis is related to the abnormal function of the microbial–gut–brain axis, and whether CACNA1E is involved in this process needs to be further studied.

According to the GO enrichment analysis, we found that GPR78 and CACNA1E mainly participated in the ‘hydrogen peroxide catabolic process’ and ‘haptoglobin hemoglobin complex’. KEGG enrichment analysis demonstrated that GPR78, CADM3, and CACNA1E were mainly associated with ‘cell cycle’ and ‘glycine serine and threonine metabolism’. Studies conclude that the degeneration and loss of nerve cells in PD may be attributed to the direct generation of hydrogen peroxide during extracellular or intracellular protein aggregation, leading to oxidative damage, particularly in the presence of metals (Tabner et al., 2002). Hydrogen peroxide is a member of reactive oxygen species (ROS), the enzyme superoxide dismutase catalyzes the conversion of superoxide into hydrogen peroxide, which is subsequently degraded by either catalase or glutathione peroxidase (von Ossowski et al., 1993). Experiments concluded that the α-synuclein molecule inhibited the expression of catalase; thus, the low catalase activity and high hydrogen peroxide production lead to PD (Graham, 1978; Yakunin et al., 2014). Based on the previous literature reports and our findings, it is postulated that the three co-DEGs we have identified may exert an influence on the pathogenesis of PD via the oxidative stress mechanism mediated by hydrogen peroxide.

Bioinformatics gene analysis on DEGs in the Gene Expression Omnibus (GEO) database (GSE8397 and GSE22491) of PD patients found that Ankyrin 1 (ANK1) was the only common gene differentially down-regulated in lateral substantia nigra (LSN), medial substantia nigra (MSN), and blood. GO analysis displayed that these DEGs were mainly enriched in hemoglobin complex, haptoglobin–hemoglobin complex and cortical cytoskeleton, and so on (Xue et al., 2023), which was consistent with our results. The modulation of iron homeostasis may be influenced by hemoglobin, which serves as the primary source of peripheral iron. Furthermore, an association has been suggested between increasing levels of hemoglobin and a significant rise in the incidence of PD (Abbott et al., 2012). The dysregulation of iron homeostasis in patients with PD has been demonstrated by several studies (Savica et al., 2009). The increased iron level has been found in the SN in PD patients in comparison with controls and high iron concentrations may be responsible for PD pathogenesis (Sengstock et al., 1993). Our results are consistent with the findings presented herein, providing evidence that GPR 78 and CACNA1E have the potential to serve as a valuable biomarker for facilitating the diagnosis of Parkinson’s disease.

In our study, KEGG enrichment analysis demonstrated the co-DEGs were associated with ‘glycine, serine, and threonine metabolism’. Several studies have consistently revealed that the pathophysiology of PD is deeply associated with amino acid metabolism, which has emerged as a distinctive biological hallmark characterizing PD. Glycine serves as a co-agonist with glutamate at the site of glutamate receptors, functioning as an additional inhibitory neurotransmitter. Inhibiting glycine transport can enhance the activity of dopamine axons (Schmitz et al., 2013), which supported our results. The study also reported there was a significant difference in threonine concentrations between the early-stage PD patients and advanced-stage PD patients with levodopa-induced dyskinesia and threonine concentrations correlated with disease duration, but not with levodopa equivalent dose taken daily (Figura et al., 2018). A recent study conducted by LeWitt et al. reported that alterations in serine and taurine concentrations exhibited the strongest predictive capability for changes in the UPDRS II + III score through analysis of the baseline 15 plasma compounds of PD patients (LeWitt et al., 2017). The literature is consistent with our findings, suggesting that the key genes (GPR78, CADM3, and CACNA1E) identified in our study are promising markers for predicting PD.

Immune infiltration analysis between PD and control groups in our study showed that five different kinds of differential immune cells, respectively, were resting mast cells, macrophages M0, monocytes, naive B cells, and activated NK cells. Microglia are CNS-resident macrophages, initially described by Pio del Rio Ortega (Del Río-Hortega Bereciartu, 2020). The injection of 6-OHDA in rats induces a reactive microgliosis that precedes the initiation of astrogliosis and dopaminergic cell death. The chronically activated microglia secrete elevated levels of proinflammatory mediators, which inflict damage upon neurons and further stimulate microglia, thereby establishing a self-perpetuating cycle that promotes inflammation and neurodegeneration. Studies demonstrated that peripheral inflammation was involved in PD origin and spreading. For example, oxidative modification of α-Syn generates novel antigenic epitopes capable of initiating peripherally driven CD4+ and CD8+ T-cell responses (Benner et al., 2008). On the other hand, in the murine model of intra-striatal injection of preformed fibril (PFF) α-Syn, except for microglial and astrocyte activation, there is significant infiltration of B, CD4+ T, CD8+ T, and natural killer cells (Earls et al., 2019). Our study provides some evidence for the involvement of NETs in PD, and further research is imperative to unravel the intricate involvement of the peripheral immune system in disease initiation and propagation toward the central nervous system.

In the current study, hsa-miR-4290 and hsa-miR-5193 were predicted and confirmed as a downstream target of CADM3 and GPR 78; hsa-miR-6721-5p and SCRT1 were also predicted as a downstream target of CADM3. SCRT1 is a recently identified transcriptional repressor belonging to the SNAIL family of zinc finger transcription factors. Xia et al. found that epigenome-wide DNA methylation analysis of whole blood cells showed differential expression of CRT1 among individuals with generalized anxiety disorder (GAD), obsessive-compulsive disorder (OCD), and healthy controls. This suggests that CRT1 may help distinguishing patients from healthy controls or classifying patients with GAD and OCD (Guo et al., 2022). SCRT1 also regulated the conversion from microglia to neurons, which was crucial for nerve system development (Malygina et al., 2021). It is well known that patients with PD often have emotional problems and that PD is associated with microglia and neuroinflammation. Although there was no research on the PD population, our study and previous literature may provide a basis for further exploration of the mechanism of SCRT1 in PD patients. To date, there have been no studies on hsa-miR-4290 and hsa-miR-5193 in PD. However, according to bioinformatics gene data from TargetScan, miR-5193 was predicted to target TRIM11 (Pan et al., 2019) and early published studies have identified TRIM11 involvement in neurodegenerative disorders (Lee et al., 2013) as well as in the regulation of Alzheimer’s disease by destabilizing intracellular humanin (Niikura et al., 2003). Our study also predicted hsa-miR-5193 involved in the onset of PD, which needs more research to validate this conclusion. A study of COVID-19 found that miR-6721-5p was involved in inflammatory pathways, the latter was also one of the main mechanisms of PD, and our study on NETs in PD patients also found the same result (Hashemi Sheikhshabani et al., 2023).

A deeper understanding and accurate detection of the immunological mechanisms underlying the earliest signs of Parkinsonism will lead to new therapies and in future may enable clinicians to intervene effectively with novel or repurposed anti-inflammatory and immunomodulatory therapies to slow or delay the progression of disease from the periphery to the CNS. Our study aimed to provide biomarkers that can be used for early diagnosis and disease-modifying therapy of PD by exploring extranuclear neutrophil trapping net genes associated with inflammation in a PD patient database.



5 Strength and limitations

Our study is the first to identify common differentially expressed genes in PD and NETs through bioinformatics gene analysis. Additionally, we explore the enrichment pathways of these co-DEGs, inflammatory cell infiltration, and downstream RNA pathways and predict potential intervention drugs. Furthermore, we validated the nomogram model established by co-DEGs in other databases as well as in blood samples from both PD patients and control populations to enhance the reliability of our experimental results. The drawback of our study lies in the fact that it is based solely on microarray analysis, which relies on gene expression values. However, as gene expression may not directly correlate with protein expression, the biomarkers identified in this study should be considered at the gene level, rather than at the protein level. Validation should be conducted through both in vitro and in vivo experiments and clinical trials. Moreover, to some extent, larger prospective clinical studies would provide a more comprehensive validation of our findings.



6 Conclusion

Our study reported co-DEGs of GPR78, CADM3, and CACNA1E link NETs and Parkinson’s disease and established a nomogram model to diagnose PD based on these genes, which also performed well in external cohort validation. GO and KEGG enrichment analysis of the key genes showed the co-DEGs mainly participated in the ‘hydrogen peroxide catabolic process’, ‘haptoglobin hemoglobin complex’, and ‘glycine serine and threonine metabolism’. By further immune infiltration analysis between PD and control groups, we found that co-DEGs were associated with five kinds of immune cells. Finally, the top miRNAs for each co-DEG may be potential biomarkers or therapeutic targets for NETs-PD, especially hsa-miR-5193 and hsa-miR-4290. In addition, we examined co-DEGs in blood samples of both PD and control patients, which showed that the co-DEGs in PD patients were higher than those in the control population. Thus, there is an association between NETs and PD, and expression of GPR78, CADM3, and CACNA1E genes could serve as a biomarker for NET-related PD.
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Background: Parkinson’s disease (PD), the second most prevalent neurodegenerative condition, has a multifaceted etiology. Cathepsin-cysteine proteases situated within lysosomes participate in a range of physiological and pathological processes, including the degradation of harmful proteins. Prior research has pointed towards a potential link between cathepsins and PD; however, the precise causal relationship between the cathepsin family and PD remains unclear.
Methods: This study employed univariate and multivariate Mendelian randomization (MR) analyses to explore the causal relationship between the nine cathepsins and Parkinson’s disease (PD) risk. For the primary analysis, genome-wide association study (GWAS) summary statistics for the plasma levels of the nine cathepsins and PD was obtained from the INTERVAL study and the International Parkinson’s Disease Genomics Consortium. GWAS for PD replication analysis were obtained from the FinnGen consortium, and a meta-analysis was performed for the primary and replication analyses to evaluate the association between genetically predicted cathepsin plasma levels and PD risk. After identifying significant MR estimates, genetic co-localization analyses were conducted to determine whether shared or distinct causal variants influenced both cathepsins and PD.
Results: Elevated cathepsin B levels were associated with a decreased risk of PD in univariate MR analysis (odds ratio [OR] = 0.890, 95% confidence interval [CI]: 0.831–0.954, pFDR = 0.009). However, there was no indication that PD affected cathepsin B levels (OR = 0.965, 95% CI: 0.858–1.087, p = 0.852). In addition, after adjusting for the remaining cathepsins, cathepsin B levels independently and significantly contributed to the reduced risk of PD in multivariate MR analysis (OR = 0.887, 95% CI: 0.823–0.957, p = 0.002). The results of the replication MR analysis with the FinnGen GWAS for PD (OR = 0.921, 95% CI: 0.860–0.987, p = 0.020) and meta-analysis (OR = 0.905, 95% CI: 0.862–0.951, p < 0.001) were consistent with those of the primary analysis. Colocalization analysis did not provide any evidence of a shared causal variant between cathepsins and PD (PP.H4.abf = 0.005).
Conclusion: This genetic investigation supports the hypothesis that cathepsin B exerts a protective effect against PD. The quantification of cathepsin B levels could potentially serve as a predictive biomarker for susceptibility to PD, providing new insights into the pathomechanisms of the disease and possible interventions.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative condition characterized by degeneration of dopaminergic neurons in the substantia nigra pars compacta. Disease progression is closely linked to the accumulation of alpha-synuclein and abnormal protein degradation, and proteases, particularly cathepsins, play a key role in the attenuation of pathological protein aggregates (Reiser et al., 2010; Rai et al., 2022; Stoka et al., 2023). Several studies have established an association between PD and cathepsin activity, indicating their possible role in the etiology of the disease (Yelamanchili et al., 2011; Pišlar et al., 2018; McGlinchey et al., 2019; Pal et al., 2019; Yuan et al., 2021; Milanowski et al., 2022; Stoka et al., 2023).

Proteases, including those of the cathepsin family, are lysosomal enzymes that are essential for maintaining cellular homeostasis. Cathepsins are cysteine proteases that belong to the papain superfamily. They are involved in various cellular processes such as autophagy, cell signaling, and protein and lipid turnover (Fonović et al., 2014). Owing to their diverse functions, they contribute to many diseases, including neurological conditions such as Parkinson’s disease (Stoka et al., 2023).

Experimental studies have consistently identified cathepsins as important contributors to PD pathogenesis. Although the study by Mantle et al. (1995) did not identify significant differences in cathepsin activity between PD patients and controls, other studies have identified an increase in the expression of cathepsin B, D, and X in animal models of PD (Pišlar et al., 2018; Gan et al., 2019). This finding suggests a possible association between disease initiation and development. Furthermore, degradation of the alpha-synuclein C-terminal, which is caused by cathepsin activity, has been observed in Lewy bodies. This is believed to be related to the formation of amyloid plaques and development of Parkinson’s disease (McGlinchey et al., 2019). Furthermore, interactions between cathepsins and other biomarkers, as well as genetic variabilities such as apolipoprotein E and Brain-Derived Neurotrophic Factor (BDNF), may contribute to the risk of Parkinson’s disease. This highlights the genetic complexity of the disease development (Schulte et al., 2003; Pal et al., 2019; Milanowski et al., 2022).

Advances in genomic science have strengthened our understanding of the role of heredity in disease development. Genetic variants from genome-wide association studies (GWAS) can be used as instrumental variables in Mendelian randomization (MR) studies to establish causal relationships between exposure and outcome. We conducted MR analyses in the context of PD in order to determine the causal effect of various cathepsins on the risk of developing PD (Emdin et al., 2017). In this study, univariate and multivariate MR techniques were employed to identify genetic level associations, and colocalization analyses were performed to examine shared genetic loci.



Methods


Data sources

This study used publicly accessible datasets. GWAS summary statistics for cathepsin levels were obtained from the INTERVAL study, which included 3,301 European participants (Sun et al., 2018). This study was approved by The National Research Ethics Service, and informed consent was obtained from all participants. PD GWAS data were obtained from the International Parkinson’s Disease Genomics Consortium, which consists of 33,674 PD cases and 449,056 controls (Nalls et al., 2019). To ensure the stability of the significant results, we extracted GWAS data on PD (4,681 cases and 407,500 controls) from the FinnGen Consortium Freeze 10 database for replication analysis (Kurki et al., 2023). The data sources and study flowchart are presented in Table 1 and Figure 1.



TABLE 1 Data sources for cathepsins and Parkinson’s disease.
[image: Table detailing various traits and associated studies. Columns include: Trait Name, Data Sources, Population, Sample Size, PMID, and IEU Trait ID. Cathepsin B through Z traits are from "The INTERVAL study" with a sample size of 3,301 and PMID 29,875,488. Parkinson's Disease data is from "International Parkinson’s Disease Genomics Consortium" with a sample size of 482,730 and PMID 31,701,892. All populations are European, with unique IEU Trait IDs for each row.]
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FIGURE 1
 Study design for Mendelian randomization and colocalization analyses between cathepsins and Parkinson’s disease. The study approach contained two main phases: in the first phase, two-sample Mendelian randomization (on the left) and multivariable Mendelian randomization (on the right). The procedures encompass primary analysis techniques, such as inverse variance weighted, as well as secondary analysis techniques, such as MR-Egger and weighted medians. The sensitivity analyses included Cochran’s Q test, the MR-Egger intercept, the MR-PRESSO global test, and leave-one-out analysis. During the second phase, we conducted colocalization analyses to determine whether there was a shared genetic variant between positive cathepsin from the first phase and Parkinson’s disease.




Instrument selection

The selection of Cathepsin-related instrumental variables (IVs) for this study was carried out meticulously, adhering to stringent criteria. These criteria included ensuring that the IVs exhibited low linkage disequilibrium (LD) with an r2 value below 0.001 within a 10,000 kb window and had p-values below 5 × 10−6. Similarly, for the reverse Mendelian randomization analysis related to PD, the same criteria were applied, with the p-value threshold set at 5 × 10−8. Single Nucleotide Polymorphisms (SNPs) in the exposure data can be found in Supplementary Tables S1, S2. The rigorous selection process involved identifying SNPs with genome-wide significance (p < 5 × 10−6) as potential instrumental variables, excluding SNPs associated with the outcome (p < 0.05), considering linkage disequilibrium through a clumping procedure, assessing and correcting for pleiotropy using the MR-PRESSO test, verifying instrument strength with the F-statistic, and filtering IVs based on exposure-outcome associations. These steps ensure the robustness and validity of the instrumental variables used in this study for accurate causal inference in Mendelian randomization analysis.

Considering that PD is susceptible to lifestyle, smoking, alcohol consumption, use of psychotropic drugs and Type 2 diabetes, we queried the SNPs of the above positive results using NHGRI-EBI Catalog database1 with therdhold of p = 5 × 10−5 and 2 SNPs (rs1260326 and rs34593439) in IVs of cathepsins associated with the above confounding factors (detailed in Supplementary Table S6).



MR analysis

The inverse-variance weighted (IVW) method has been predominantly utilized in MR investigations to estimate effect size (Emdin et al., 2017). The Wald ratio in IVW was used to weigh the effect of each variant on exposure in relation to the risk of disease. A random-effects inverse variance meta-analysis was employed to merge the individual MR estimates. MR findings were validated using the MR Egger, Weighted Median, and Weighted Mode methods (Burgess et al., 2017). The robustness of assumptions and the presence of outliers and horizontal pleiotropy were evaluated using sensitivity analyses and statistical tests, such as Cochran’s Q test, MR-PRESSO global test, leave-one-out analysis, and MR-Egger intercept. The MR-PRESSO distortion test assesses distortions in causal estimates (Verbanck et al., 2018).

To further evaluate the independent effects of cathepsins, additional multivariate Mendelian randomization was used to investigate whether the impact of each individual cathepsin was dependent on other cathepsins. This study employed multivariable MR to assess the direct causal impact of several cathepsins on the risk of PD in a single analysis using the Mendelian randomization package (Yavorska et al., 2017).



Replication analysis meta analysis

To validate the robustness of the results, the FinnGen GWAS database was used as a second independent consortium for data on Parkinson’s (Kurki et al., 2023). We conducted a replicated MR analysis for significant results, and a meta-analysis to explore the combined effects.



Colocalization analysis

To identify whether cathepsins genetically linked with PD share a causal variant, we conducted colocalization analysis. Bayesian testing was used to conduct colocalization analysis, utilizing the minor allele frequency (MAF) for approximations (Giambartolomei et al., 2014). We used the coloc.abf function to examine the genetic regions around the Cathepsin B gene, specifically focusing on a 50 kb window centered on the gene’s location on chromosome 8. For each pair of traits, we examined five hypotheses: H0 (no SNP causing the traits), H1 (associated with trait 1), H2 (association with trait 2), H3 (two separate SNPs causing the traits independently), and H4 (one SNP causing both traits). Colocalization was considered to have occurred when the posterior probability (SNP.PP.H4) was greater than 0.8. The R package Coloc was used in this study.



Statistical analysis

All statistical analyses were performed by using the “TwoSampleMR” (Hemani et al., 2018), “MR-PRESSO” (Verbanck et al., 2018), “MendelianRandomization (Yavorska et al., 2017),” “coloc” (Rasooly et al., 2022) and “forestploter” packages (Zheng et al., 2020) in R (version 4.2.1.).




Results


Forward univariable MR analysis

In the forward univariate MR analysis, we investigated the impact of nine cathepsins (B, E, F, G, H, L2, O, S, and Z) on the risk of PD. The analysis employed multiple MR methods, including Inverse Variance Weighted (IVW), MR Egger, Weighted Median, and Weighted Mode, using 9–22 single nucleotide polymorphisms as instrumental variables.

The results showed that Cathepsin B exposure was associated with a decreased risk of PD across all the MR methods. Specifically, the IVW method showed an odds ratio (OR) of 0.890 (95% CI: 0.831–0.954), and the result was statistically significant after multiple testing corrections (p_FDR = 0.009). The MR Egger, Weighted Median, and Weighted Mode methods also supported this finding, with consistent directions of effects and significance levels. For cathepsin E, F, G, H, O, S, Z, and, and L2, none of the MR methods indicated a significant relationship with PD risk, with p-values exceeding the conventional threshold of 0.05, and odds ratios close to null. The heterogeneity tests (Q_pval) were mostly non-significant, suggesting that the effect estimates were consistent across the different genetic instruments. The MR-Egger intercept and PRESSO did not indicate the presence of directional pleiotropy or outliers, confirming the robustness of our findings (Figure 2; Supplementary Table S3).
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FIGURE 2
 Forest plots of univariable Mendelian randomization analysis of the relationship between various Cathepsins on Parkinson’s disease.


To address potential pleiotropic bias arising from trans-pQTLs, we conducted a univariate Mendelian Randomization (MR) analysis using exclusively the cis-pQTLs for each Cathepsin protein. Specifically, we included rs1692819 for Cathepsin B, rs1791679 for Cathepsin F, rs62013235 for Cathepsin H, and rs41271951 for Cathepsin S as the sole cis-pQTLs in our MR analysis, employing the Wald Ratio method. The results revealed that utilizing rs1692819 as the cis-pQTL for Cathepsin B showed a significant association with an odds ratio (OR) of 0.829 (95% CI: 0.752–0.915, p_FDR < 0.001). However, no significant associations were found for Cathepsin F (OR = 0.897, 95% CI: 0.769–1.046, p_FDR = 0.332), Cathepsin H (OR = 1.044, 95% CI: 0.888–1.228, p_FDR = 0.600), and Cathepsin S (OR = 0.965, 95% CI: 0.898–1.037, p_FDR = 0.446) with PD. This result reaffirmed the stability and reliability of our results, corroborating the initial findings of our study (Supplementary Figure S2).



Reverse univariable MR analysis

We conducted a reverse MR analysis to explore the potential causal effect of PD on the expression levels of various cathepsins. Multiple MR methods were employed, including Inverse Variance Weighted (IVW), MR Egger, Weighted Median, and Weighted Mode, using 5–11 single nucleotide polymorphisms as instrumental variables.

Regarding PD and Cathepsin B levels, none of the MR methods showed a significant effect on PD expression. The IVW method yielded a beta coefficient (b) of −0.035 (standard error [SE] = 0.060, p = 0.560), indicating a non-significant effect of PD on Cathepsin B levels. The MR Egger, Weighted Median, and Weighted Mode methods all supported these findings, with p-values exceeding the threshold for statistical significance. Furthermore, for PD on cathepsin E, F, G, H, O, S, L2, and Z levels, non-significant results suggest that within the power of our analysis, PD does not have a detectable causal effect on cathepsin expression levels (Figure 3; Supplementary Table S4).
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FIGURE 3
 Forest plots of univariable Mendelian randomization analysis of the relationship between Parkinson’s disease and various cathepsins.




Multivariable MR analysis

In our multivariate Mendelian Randomization (MR) analysis evaluating the influence of different cathepsins as exposures on PD, following the screening of 9 cathepsins using a rigorous threshold of p = 5 × 10−6, r2 = 0.001, and kb = 10,000, subsequent refinement procedures encompassing deduplication, clumping, and harmonization culminated in the identification of 10 SNPs as IVs for the MVMR analysis. The results show that only cathepsin B showed a significant negative association with PD risk (OR = 0.887, 95% CI = 0.823–0.957, p = 0.002), indicating a potential protective effect against PD. None of the other cathepsins (E, F, G, H, O, S, L2, Z) was significantly associated with PD, with p-values exceeding the threshold for significance (Figure 4). The lack of significant associations for these cathepsins suggests that they might not be causally related to PD, at least within the scope of this analysis.
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FIGURE 4
 Forest plots of multivariable Mendelian randomization analysis of the relationship between various Cathepsins on Parkinson’s disease.




Replication and meta-analysis

To verify the stability of the results, another independent FinnGen database was used for repeated MR analysis, and a further meta-analysis was performed. Replicated MR analysis between Cathepsin B and PD showed a similar effect in the FinnGen consortium (OR = 0.921, 95% CI = 0.860–0.987, p = 0.020 for the IVW method) (Table 2) and remained significant in the combined meta-analysis (OR = 0.905, 95% CI = 0.862–0.951, p < 0.0001) (Figure 5).



TABLE 2 Replication MR analysis cathepsin B on Parkinson’s disease in FinnGen consortium.
[image: Table showing the association between Parkinson's disease and Cathepsin B using four methods: Inverse variance weighted, MR Egger, Weighted median, and Weighted mode. Each method utilizes 19 SNPs. The odds ratios (OR) range from 0.921 to 0.950. Lower confidence intervals (LCI 95%) range from 0.807 to 0.860, and upper confidence intervals (UCI 95%) range from 0.987 to 1.118. The p-values range from 0.020 to 0.545.]
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FIGURE 5
 A meta-analysis of the causal association of cathepsin B and Parkinson’s Disease. IPDGC, International Parkinson’s Disease Genomics Consortium; FinnGen, the FinnGen consortium; OR, odds ratio; CI, confidence interval.




Colocalization analysis

Colocalization analysis was used to detect genetic variants shared between cathepsin B and PD. Therefore, we did not find any substantial evidence of a shared causal variant influencing either cathepsin B levels or PD (PP.H4.abf = 0.005) (Supplementary Figure S1; Supplementary Table S5).




Discussion

This study aimed to investigate the complex association between Cathepsins and PD using Mendelian randomization and colocalization approaches. Our findings are the first attempt in the field of PD pathogenesis, shedding light on the potential protective role of cathepsin B, an enzyme integral to the degradation of pathological proteins such as alpha-synuclein.

Using univariate and multivariate MR analyses, our study provides compelling evidence that cathepsin B levels are negatively correlated with susceptibility to PD. A variety of sensitivity and replication analyses have provided further support for this association, thereby enhancing the consistency and dependability of our findings. Notably, our data show that cathepsin B and PD do not share any genetic variations, indicating a complex interaction that requires further research.

At the molecular level, the protective mechanisms of cathepsin B against PD may involve its crucial function in the degradation of alpha-synuclein through autophagy, a critical process that prevents the harmful accumulation of this protein. The results of Jones-Tabah et al. (2023) and McGlinchey et al. (2019) corresponded with our findings, highlighting the crucial role of cathepsin B in maintaining lysosomal function and preventing the development of neurotoxic aggregates.

To expand our understanding of the possible consequences of cathepsin B activity, Bai et al. (2018) and Nakanishi (2020) investigated the effect of this enzyme on oxidative stress and neuroinflammation, which are known to contribute to PD and other neurodegenerative disorders. Moreover, research conducted by Kim et al. (2022) and Almeida et al. (2020) indicated that focusing on the lysosomal pathway, specifically cathepsin B, could potentially become a highly effective therapeutic approach not only for PD but also for various other neurodegenerative disorders.

By contrast, Tsujimura et al. (2015) offer an alternative viewpoint by suggesting that cathepsin B could potentially facilitate the development of intracellular alpha-synuclein aggregates, which are characteristic features of PD pathology. The apparent contradiction in cathepsin B function underscores the enzyme’s intricate and situationally dependent roles in cellular processes, which may differ during the distinct phases of the disease.

However, our study had some limitations. Firstly, the homogeneity of our sample population, which primarily consisted of individuals of European ancestry, may have limited the generalizability of our results. To enhance the generalizability of our findings and firmly establish cathepsin B as a feasible biomarker for PD, future research should incorporate a more heterogeneous sample. Secondly, Our study not observing colocalization between Cathepsin B and PD, indicating a potential confounding effect of linkage disequilibrium between the cathepsin B pQTL and PD risk-associated variants. This observation aligns with findings from Zheng et al. (2020), underscoring the likelihood that the significant associations identified through MR analysis may be influenced by LD rather than reflecting a direct causal relationship. The absence of colocalization emphasizes the complexity inherent in interpreting MR results in the context of potential LD confounders, shedding light on the nuanced interplay between genetic factors and disease susceptibility in PD. lastly, The consideration of tissue specificity in protein biomarker analysis emerges as a pertinent limitation in our study, with plasma serving as the primary source of protein measurements despite the relevance of brain tissue for PD research. This discrepancy underscores a key aspect highlighted in the work by Yang et al. (2021), wherein distinct tissue-specific protein quantitative trait loci (pQTLs) profiles are reported. The observation that different tissues exhibit unique pQTL effects emphasizes the importance of utilizing brain-related tissues for PD studies to capture more relevant and context-specific insights. Our reliance on plasma-derived data, while informative, introduces a limitation in the interpretation of our findings, as the tissue-specificity of pQTLs may not be fully captured in this context.

In summary, our MR analysis provides significant data supporting the neuroprotective effect of cathepsin B and its potential as a therapeutic target in PD. The findings of this study strongly encourage additional investigations into the biological roles of cathepsin B and its possible use as an early biomarker for diagnosing PD. Subsequent investigations should focus on overcoming the recognized constraints and deepening our understanding to effectively utilize the therapeutic potential of cathepsin B in combating PD and other neurodegenerative disorders.



Data availability statement

The main statistical analyses were conducted using TwoSampleMR (v.0.5.7), MR-PRESSO(v1.0), MendelianRandomization(v0.90), and coloc(v5.2.3) in R software (version 4.1.2). The original datasets of the current study are available from the IEU Open Gwas Project (https://gwas.mrcieu.ac.uk/) and FinnGen GWAS database (https://www.finngen.fi/fi).



Ethics statement

This study utilized summary data from public GWAS datasets and the original study had already obtained ethical approval, no additional ethical approval was required. The research was conducted in accordance with local legislation and institutional requirements. Written informed consent from participants or their legal guardians/next of kin was not necessary, as this study only used summary data from public datasets and ethical approval had been obtained in the original study.



Author contributions

AY: Conceptualization, Formal analysis, Methodology, Writing – original draft. SZ: Data curation, Methodology, Writing – review & editing. HL: Conceptualization, Data curation, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by the Natural Science Foundation of the Xinjiang Uygur Autonomous Region (Grant No. 2022D01C126).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2024.1380483/full#supplementary-material



Footnotes

1   https://www.ebi.ac.uk/gwas/



References
	 Almeida, M. F., Bahr, B. A., and Kinsey, S. T. (2020). Endosomal-lysosomal dysfunction in metabolic diseases and Alzheimer’s disease. Int. Rev. Neurobiol. 154, 303–324. doi: 10.1016/bs.irn.2020.02.012 
	 Bai, H., Yang, B., Wenfeng, Y., Xiao, Y., Dejun, Y., and Zhang, Q. (2018). Cathepsin B links oxidative stress to the activation of NLRP3 Inflammasome. Exp. Cell Res. 362, 180–187. doi: 10.1016/j.yexcr.2017.11.015 
	 Burgess, S., and Thompson, S. G. (2017). Interpreting findings from mendelian randomization using the MR-Egger method. Eur J Epidemiol. 32, 377–389. doi: 10.1007/s10654-017-0255-x
	 Emdin, C., Amit, V. K., and Kathiresan, S. (2017). Mendelian Randomization. JAMA 318:1925. doi: 10.1001/jama.2017.17219
	 Fonović, M., Turk, B., Fonović, M., Turk, B., Fonović, M., and Turk, B. (2014). Cysteine Cathepsins and extracellular matrix degradation. Biochim. Biophys. Acta, Gen. Subj. 1840, 2560–2570. doi: 10.1016/j.bbagen.2014.03.017
	 Gan, P., Xia, Q., Hang, G., Zhou, Y., Qian, X., Wang, X., et al. (2019). Knockdown of Cathepsin D protects dopaminergic neurons against Neuroinflammation-mediated neurotoxicity through inhibition of NF-[image: Greek letter kappa, symbolized as a stylized “K”.]B Signalling pathway in Parkinson’s disease model. Clin. Exp. Pharma. Physio. 46, 337–349. doi: 10.1111/1440-1681.13052
	 Giambartolomei, C., Vukcevic, D., Schadt, E. E., Franke, L., Hingorani, A. D., Wallace, C., et al. (2014). Bayesian test for Colocalisation between pairs of genetic association studies using summary statistics. PLoS Genet. 10:e1004383. doi: 10.1371/journal.pgen.1004383 
	 Hemani, G., Zheng, J., Elsworth, B., Wade, K. H., Haberland, V., Baird, D., et al. (2018). The MR-Base platform supports systematic causal inference across the human phenome. Elife. 7:e34408. doi: 10.7554/eLife.34408
	 Jones-Tabah, J., He, K., Senkevich, K., Karpilovsky, N., Deyab, G., Cousineau, Y., et al. (2023). The Parkinson’s disease risk gene Cathepsin B promotes Fibrillar alpha-Synuclein clearance, lysosomal function and Glucocerebrosidase activity in dopaminergic neurons. bioRxiv. doi: 10.1101/2023.11.11.566693
	 Kim, M. J., Jeong, H., and Krainc, D. (2022). Lysosomal ceramides regulate Cathepsin B-mediated processing of Saposin C and Glucocerebrosidase activity. Hum. Mol. Genet. 31, 2424–2437. doi: 10.1093/hmg/ddac047 
	 Kurki, M. I., Karjalainen, J., Palta, P., Sipilä, T. P., Kristiansson, K., Donner, K. M., et al. (2023). FinnGen provides genetic insights from a well-phenotyped isolated population. Nature 613, 508–518. doi: 10.1038/s41586-022-05473-8 
	 Mantle, D., Falkous, G., Ishiura, S., Perry, R. H., Perry, E. K., Mantle, D., et al. (1995). Comparison of Cathepsin protease activities in brain tissue from Normal cases and cases with Alzheimer’s disease, Lewy body dementia, Parkinson’s disease and Huntington’s disease. J. Neurol. Sci. 131, 65–70. doi: 10.1016/0022-510X(95)00035-Z 
	 McGlinchey, R. P., Lacy, S. M., Huffer, K. E., Tayebi, N., Sidransky, E., Lee, J. C., et al. (2019). C-terminal α-synuclein truncations are linked to cysteine cathepsin activity in Parkinson's disease. J. Biol. Chem. 294, 9973–9984. doi: 10.1074/jbc.RA119.008930 
	 Milanowski, L. M., Hou, X., Bredenberg, J. M., Fiesel, F. C., Cocker, L. T., Soto-Beasley, A. I., et al. (2022). Cathepsin B p.Gly284Val variant in Parkinson’s disease pathogenesis. Int. J. Mol. Sci. 23:7086. doi: 10.3390/ijms23137086 
	 Nakanishi, H. (2020). Microglial Cathepsin B as a key driver of inflammatory brain diseases and brain aging. Neural Regen. Res. 15, 25–29. doi: 10.4103/1673-5374.264444 
	 Nalls, M. A., Blauwendraat, C., Vallerga, C. L., Heilbron, K., Bandres-Ciga, S., Chang, D., et al. (2019). Identification of novel risk loci, causal insights, and heritable risk for Parkinson’s disease: A Meta-analysis of genome-wide association studies. Lancet Neurol. 18, 1091–1102. doi: 10.1016/S1474-4422(19)30320-5 
	 Pal, P., Sadhukhan, T., Chakraborty, S., Sadhukhan, S., Biswas, A., Das, S. K., et al. (2019). Role of apolipoprotein E, Cathepsin D, and brain-derived neurotrophic factor in Parkinson’s disease: A study from eastern India. NeuroMolecular Med. 21, 287–294. doi: 10.1007/s12017-019-08548-4 
	 Pišlar, A., Tratnjek, L., Glavan, G., Živin, M., and Kos, J. (2018). Upregulation of cysteine protease Cathepsin X in the 6-Hydroxydopamine model of Parkinson’s disease. Front. Mol. Neurosci. 11:412. doi: 10.3389/fnmol.2018.00412 
	 Rai, M., Curley, M., Coleman, Z., Demontis, F., Rai, M., Curley, M., et al. (2022). Contribution of proteases to the hallmarks of aging and to age-related neurodegeneration. Aging Cell 21:e13603. doi: 10.1111/acel.13603 
	 Rasooly, D., Peloso, G. M., and Giambartolomei, C. (2022). Bayesian genetic Colocalization test of two traits using coloc. Curr Protoc. 2:e627. doi: 10.1002/cpz1.627 
	 Reiser, J., Adair, B., and Reinheckel, T. (2010). Specialized roles for cysteine Cathepsins in health and disease. J. Clin. Invest. 120, 3421–3431. doi: 10.1172/JCI42918 
	 Schulte, T., Böhringer, S., Schöls, L., Müller, T., Fischer, C., Riess, O., et al. (2003). Modulation of disease risk according to a Cathepsin D / apolipoprotein E genotype in Parkinson’s disease. J. Neural Transm. 110, 749–755. doi: 10.1007/s00702-003-0832-x 
	 Stoka, V., Vasiljeva, O., Nakanishi, H., Turk, V., Stoka, V., Vasiljeva, O., et al. (2023). The role of cysteine protease Cathepsins B, H, C, and X/Z in neurodegenerative diseases and Cancer. IJMS 24:15613. doi: 10.3390/ijms242115613 
	 Sun, B. B., Maranville, J. C., Peters, J. E., Stacey, D., Staley, J. R., Blackshaw, J., et al. (2018). Genomic atlas of the human plasma proteome. Nature 558, 73–79. doi: 10.1038/s41586-018-0175-2 
	 Tsujimura, A., Taguchi, K., Watanabe, Y., Tatebe, H., Tokuda, T., Mizuno, T., et al. (2015). Lysosomal enzyme Cathepsin B enhances the aggregate forming activity of exogenous [image: Lowercase Greek letter alpha.]-Synuclein fibrils. Neurobiol. Dis. 73, 244–253. doi: 10.1016/j.nbd.2014.10.011
	 Verbanck, M., Chen, C.-Y., Neale, B., and Do, R. (2018). Detection of widespread horizontal pleiotropy in causal relationships inferred from Mendelian randomization between complex traits and diseases. Nat. Genet. 50, 693–698. doi: 10.1038/s41588-018-0099-7 
	 Yang, C., Farias, F. H. G., Ibanez, L., Suhy, A., Sadler, B., Fernandez, M. V., et al. (2021). Genomic atlas of the proteome from brain, CSF and plasma prioritizes proteins implicated in neurological disorders. Nat. Neurosci. 24, 1302–1312. doi: 10.1038/s41593-021-00886-6 
	 Yavorska, O. O., Burgess, S., Yavorska, O. O., Burgess, S., Yavorska, O. O., Burgess, S., et al. (2017). MendelianRandomization: an R package for performing Mendelian randomization analyses using summarized data. Int. J. Epidemiol. 46, 1734–1739. doi: 10.1093/ije/dyx034 
	 Yelamanchili, S. V., Chaudhuri, A. D., Flynn, C. T., Fox, H. S., Yelamanchili, S. V., Chaudhuri, A. D., et al. (2011). Upregulation of Cathepsin D in the caudate nucleus of Primates with experimental parkinsonism. Mol. Neurodegener. 6:52. doi: 10.1186/1750-1326-6-52 
	 Yuan, S., Mason, A. M., Carter, P., Burgess, S., and Larsson, S. C. (2021). Homocysteine, B vitamins, and cardiovascular disease: A Mendelian randomization study. BMC Med. 19:97. doi: 10.1186/s12916-021-01977-8 
	 Zheng, J., Haberland, V., Baird, D., Walker, V., Haycock, P. C., Hurle, M. R., et al. (2020). Phenome-wide Mendelian randomization mapping the influence of the plasma proteome on complex diseases. Nat. Genet. 52, 1122–1131. doi: 10.1038/s41588-020-0682-6 


Copyright
 © 2024 Yusufujiang, Zeng and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	
	ORIGINAL RESEARCH
published: 21 June 2024
doi: 10.3389/fnagi.2024.1417938






[image: image2]

Golexanolone reduces glial activation in the striatum and improves non-motor and some motor alterations in a rat model of Parkinson's disease
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Background: Parkinson's disease (PD) affects more than 6 million people worldwide. Along with motor impairments, patients and animal models exhibiting PD symptoms also experience cognitive impairment, fatigue, anxiety, and depression. Currently, there are no drugs available for PD that alter the progression of the disease. A body of evidence suggests that increased GABA levels contribute to the reduced expression of tyrosine hydroxylase (TH) and accompanying behavioral deficits. TH expression may be restored by blocking GABAA receptors. We hypothesized that golexanolone (GR3027), a well-tolerated GABAA receptor-modulating steroid antagonist (GAMSA), may improve Parkinson's symptoms in a rat model of PD.
Objectives: The aims of this study were to assess whether golexanolone can ameliorate motor and non-motor symptoms in a rat model of PD and to identify some underlying mechanisms.
Methods: We used the unilateral 6-OHDA rat model of PD. The golexanolone treatment started 4 weeks after surgery. Motor symptoms were assessed using Motorater and CatWalk tests. We also analyzed fatigue (using a treadmill test), anhedonia (via the sucrose preference test), anxiety (with an open field test), and short-term memory (using a Y maze). Glial activation and key proteins involved in PD pathogenesis were analyzed using immunohistochemistry and Western blot.
Results: Rats with PD showed motor incoordination and impaired locomotor gait, increased fatigue, anxiety, depression, and impaired short-term memory. Golexanolone treatment led to improvements in motor incoordination, certain aspects of locomotor gait, fatigue, anxiety, depression, and short-term memory. Notably, golexanolone reduced the activation of microglia and astrocytes, mitigated TH loss at 5 weeks after surgery, and prevented the increase of α-synuclein levels at 10 weeks.
Conclusions: Golexanolone may be useful in improving both motor and non-motor symptoms that adversely affect the quality of life in PD patients, such as anxiety, depression, fatigue, motor coordination, locomotor gait, and certain cognitive alterations.
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glial activation, GABAergic neurotransmission, motor impairment, cognitive impairment, 6-OHDA model, Parkinson's disease


1 Introduction

Parkinson's disease (PD) affects over 6 million people worldwide and is expected to affect more in the upcoming decades (Dorsey et al., 2018). Patients with PD experience impaired motor coordination and locomotor gait, as well as other symptoms such as mild cognitive impairment, fatigue, anxiety, and depression, which strongly impair their quality of life (Lindgren and Dunnett, 2012; Kostić et al., 2016; Leão et al., 2021; Schneider et al., 2021; Tian et al., 2022; Zhang et al., 2023).

Currently, there are no drugs available that alter the progression of PD. Current symptomatic treatments, such as L-DOPA, provide limited relief and have side effects. L-DOPA (levodopa), a precursor of dopamine, is considered the most effective therapeutic option for patients with PD (Balestrino and Schapira, 2020): L-DOPA alleviates the main motor symptoms of the disease. However, up to 80% of patients develop uncontrollable abnormal involuntary movements (AIMs), known as L-DOPA-induced dyskinesia (LID). In addition, as the disease progresses, patients often encounter levodopa-refractory challenges such as postural instability, gait difficulties, such as falls or freezing of gait, and cognitive decline (Tran et al., 2018). Therefore, novel treatments to improve these levodopa-refractory motor and non-motor symptoms of PD are warranted.

The hallmark of any neurodegenerative disease is selective neuronal loss, which is associated with the activation of microglia and astrocytes (Dickson, 2012). Neuroinflammation, with the activation of microglia and astrocytes, plays a key role in the etiology of PD and other α-synucleinopathies (Kam et al., 2020; Stefanova, 2022; Chen et al., 2023). The motor symptoms of PD are generally attributed to nigrostriatal dopamine depletion, caused by extensive loss of dopaminergic neurons in the substantia nigra, resulting in the loss of tyrosine hydroxylase (TH), the main dopamine-producing enzyme (Zhou et al., 2022). However, the loss of TH may also be due to other causes and, under certain conditions, may be reversible. Several reports support the idea that enhanced GABAergic neurotransmission contributes to the pathogenesis of PD (PD) and associated motor symptoms (Lemos et al., 2016; Heo et al., 2020; Muñoz et al., 2020). Heo et al. (2020) showed that in animal models of PD, the levels of GABA are increased in activated astrocytes within the substantia nigra pars compacta. This increase is associated with the induction of an aberrant tonic GABA current in dopaminergic neurons, which is blocked by bicuculline, indicating enhanced activation of GABAA receptors by tonically released astrocytic GABA. These authors also showed the presence of TH−/DCC+ neurons expressing dopamine decarboxylase (DCC) but not TH. They named these neurons “dormant neurons,” in which TH is not expressed due to the blockade of TH expression by the enhanced activation of GABAA receptors. Heo et al. (2020) also showed that reducing GABA levels by inhibiting monoamine oxidase B (MAOB) with safinamide, or by reducing the activation of GABAA receptor signaling through pharmacological blockade of Gabra5, restores TH loss and alleviates parkinsonian motor symptoms, and proposed that these treatments led to the recovery of TH expression in previously inactive neurons by reducing GABAergic neurotransmission.

Golexanolone is a well-tolerated novel drug in clinical development for neurological dysfunction in neurological and non-neurological diseases. Golexanolone reduces the activation of GABAA receptors by acting on the neurosteroid binding site. The neurosteroids allopregnanolone and THDOC act as positive allosteric modulators of GABAA receptors. Golexanolone is a GABAA receptor-modulating steroid antagonist (GAMSA) (Johansson et al., 2016), which antagonizes the effects of allopregnanolone and THDOC on GABAA receptors (Bengtsson et al., 2023), thus reducing the potentiation of GABAA receptors in animal models and humans (Johansson et al., 2015, 2018; Arenas et al., 2023).

Golexanolone reduces glial activation and neuroinflammation and improves cognitive and motor function in rats with hyperammonemia and hepatic encephalopathy. It is considered a promising therapeutic drug for ameliorating neurological impairments in patients with hepatic encephalopathy and primary biliary cholangitis (PBC) (Johansson et al., 2015; Montagnese et al., 2021; Mincheva et al., 2022; Arenas et al., 2023).

Most non-motor symptoms in PD patients are related to α-synuclein pathology (Jellinger, 2011). Cui et al. (2023) reported that the presence of 6-OHDA increases α-synuclein content in the lesioned striatum. It has been proposed that there is an interplay between glial activation, neuroinflammation, and α-synuclein (Balzano et al., 2023). Consequently, we analyzed the effects of golexanolone treatment on α-synuclein accumulation.

We hypothesized that golexanolone might enhance TH expression in dormant neurons, thereby improving certain motor and non-motor deficits in a rat model of PD. We used the 6-OHDA rat model, as described by Carvalho et al. (2013). The aims of this study were to assess: (1) whether daily treatment with golexanolone improves motor symptoms (motor coordination and locomotor gait) and non-motor symptoms (cognitive function, fatigue, anxiety, and depression) in the 6-OHDA rat model of PD and (2) whether these improvements are associated with reductions in microglia and astrocyte activation, enhancements in TH expression in the striatum, and decreases in alpha-synuclein content.



2 Materials and methods


2.1 The rat model of PD: unilateral 6-OHDA lesion

Eight-week-old Wistar-Han male rats (Charles River, Barcelona) were housed, two per cage, under standard laboratory conditions: a 12-h light-dark cycle, 22°C room temperature, 55% relative humidity, and ad libitum access to food and water. The experimental protocols were approved by the Comite de Etica y Experimentación Animal (CEEA) of our center and by the Conselleria de Agricultura, Generalitat Valenciana. All procedures were performed according to the Directive of the European Commission (2010/63/EU) on the care and management of experimental animals and complied with the ARRIVE guidelines for animal research. The unilateral 6-OHDA lesion procedure, as described by Carvalho et al. (2013), was conducted under isoflurane anesthesia (5% for induction, followed by a maintenance dose of 2%).

The rats were secured in a stereotaxic frame with non-traumatic ear bars (Stoelting, USA) and unilaterally injected (the right hemisphere) with either vehicle (the sham group) or 6-OHDA hydrochloride (Sigma, USA) (6-OHDA group) directly into the medial forebrain bundle (the coordinates used relative to Bregma were AP = −4,4 mm; ML = −1,0 mm; DV = −7,8 mm, following the guidelines by Paxinos and Watson). At a rate of 1 μl/min, the rats in the sham group received 2 μl of 0.2 mg/ml ascorbic acid dissolved in 0.9% NaCl. Conversely, the 6-OHDA rats were injected with 2 μl 6-OHDA hydrochloride (4 μg/μl) combined with 0.2 mg/ml ascorbic acid in 0.9% NaCl. After the injection, the syringe was left in place for an additional 10 min to allow diffusion of the substance.



2.2 Apomorphine turning behavior test

To validate the model, the apomorphine-induced turning behavior was evaluated 3 weeks after surgery, following the protocols as established by Torres and Dunnett (2011). For this test, the rats were subcutaneously injected in the neck with 0.1 mg/kg of apomorphine hydrochloride (Sigma-Aldrich) dissolved in 1% ascorbic acid in 0.9% NaCl. Shortly after the injection, the rats were placed in individual bows. Five min after the injection, their rotations were recorded and tracked using Anymaze software for 15 min. The net number of rotations was calculated by subtracting the number of ipsilateral rotations from the number of contralateral rotations. Only the rats displaying more than four net rotations per minute were included in the study for further analysis.



2.3 Experimental groups

The experimental design is summarized in Figure 1. The rats were divided into the following experimental groups: (1) Sham-operated rats receiving CAPMUL as a vehicle (SHAM VH), (2) Sham-operated rats treated with golexanolone (SHAM GR), (3) 6-OHDA rats receiving CAPMUL as vehicles (PARK VH); and (4) 6-OHDA rats treated with golexanolone (PARK GR). Two sets of experiments were conducted with these groups. One set of rats (8–10 rats per group) performed the behavioral tests described below and was subsequently euthanized 10 weeks after surgery (Figure 1A). The second set of rats (six per group) was euthanized 5 weeks after surgery for the purpose of conducting immunohistochemistry analysis (detailed in Figure 1B). This bifurcated approach allowed for the assessment of both the short-term and long-term effects of the treatments within the experimental framework.


[image: Flow chart showing three timelines for experiments involving golexanolone and tests.   A: Timeline from surgery (week 0) through weeks 1-10, detailing apomorphine test at week 1, followed by various behavior and ability tests at weeks 2, 3, 6, 8, and 10. Golexanolone is administered daily until sacrifice at week 10. Immunohistochemistry and Western blot analyses are performed post-sacrifice.  B: Similar timeline from surgery (week 0) to sacrifice at week 5, with an apomorphine test in week 1 and daily golexanolone until sacrifice. Immunohistochemistry analysis follows.  C: Timeline starting with surgery and apomorphine test in weeks 0 and 1, proceeding to dyskinesia assessment from weeks 3 through 10, concluding with sacrifice at week 11. Involves daily golexanolone and L-DOPA administration.]
FIGURE 1
 Experimental design. The unilateral injection of 6-OHDA was used a model of Parkinson's diseases. The apomorphine-induced rotation test was performed 3 weeks after surgery to select successfully operated rats. (A) In one set of rats (n = 8–10 per group), golexanolone treatment started at week 4 after surgery and different motor and non-motor parameters were evaluated: fatigue (treadmill), anxiety and ambulatory activity (open field test), object location memory, anhedonia (sucrose preference test), motor coordination (Motorater), locomotor gait (CatWalk) and short-term memory. Rats were sacrificed 10 weeks after surgery to extract the brains for immunohistochemistry and western blot analysis. (B) A different set of rats (n = 6 per group) didn't perform the behavioral tests and was sacrificed at 5 weeks after surgery to evaluate glial activation and TH parameters by immunohistochemistry at a shorter time. (C) A third set of rats (n = 12 per group) started golexanolone and DOPA treatment at weeks 6 after surgery and the induction of dyskinesia was evaluated during 5 weeks.


In an additional experiment, the induction of dyskinesia by golexanolone and L-DOPA was analyzed (Figure 1C). This experiment included the following groups: (1) 6-OHDA rats treated with golexanolone and subcutaneously injected with saline and (2) 6-OHDA rats treated with L-DOPA and receiving CAPMUL (n = 12 per group). Treatments started at week 6 after surgery, and dyskinesias were evaluated over the course of the following 5 weeks.



2.4 Treatments

Golexanolone [40 mg/ml in CAPMUL (Capmul® MCM, Glycerol Monocaprylocaprate (Type I) from ABITEC Corporation (Janesville, WI, USA)], or CAPMUL as a vehicle, was administered daily using intragastric probes at a dose of 50 mg/kg (1.25 ml/kg), following the methodology of Johansson et al. (2015). Additionally, L-DOPA methyl ester-HCl (Sigma) was administered daily via subcutaneous injection at a dosage of 6 mg/kg, combined with the DOPA-decarboxylase inhibitor benserazide-HCl at 10 mg/ml (Sigma), according to the protocols described by Lundblad et al. (2002). For all the behavioral tests described below, golexanolone was administered 1 h before the commencement of the tests.



2.5 Fatigue assessment

Physical fatigue was evaluated using a treadmill, based on a modified procedure from Butterworth et al. (2009). The rats had a single day of pre-training to acclimate to the equipment and were tested the following day. The pre-training consisted of a 3-min exploration phase where the treadmill belt remained stationary and inclined at 0 degrees. Then, the treadmill was started at 10 cm/s for 5 min and then increased to 20 cm/s for another 5 min. On the test day, the rats were placed on the treadmill, now inclined at 5 degrees, with the speed gradually increasing up to 30 cm/s over a 5-min period. After reaching this speed, it was maintained for an additional 15 min. Throughout this test, the Anymaze video tracking software was used to record and quantify the time spent on the grid (shock zone). The rats that remained in the shock zone without showing an intention to walk before the end of the test were removed from the treadmill, and the total time spent on the treadmill was recorded.



2.6 Evaluation of anxiety in the open-field test

The open-field test is used to evaluate general locomotor activity and anxiety levels in rodents. Rodents display a natural dislike for brightly lit open areas. Decreased anxiety levels lead to increased exploratory behavior, more locomotion, and a preference to stay in the center of the field, whereas stressed or anxious rats show a preference to stay in peripheral zones with more darkness. The open-field test was conducted according to the methodology described by Ujvári et al. (2022). The open-field arena consists of a cube (100 × 100 × 50 cm), and it was divided into a central zone and an outer zone in the periphery. Rat activity was recorded with the Anymaze video tracking for 5 min after the animal was placed in the center of the cube. The software measured and analyzed the total time spent in the center zone (s) and total traveled distance (cm) over the course of 5 min.



2.7 Anhedonia: sucrose preference test

To assess the presence of anhedonic behavior, a characteristic behavior in depression, the rats underwent the sucrose preference test, as described by Tadaiesky et al. (2008). Each rat was provided with two water bottles on the extreme sides of the cage during the 24-h training phase to allow the rats to adapt to drinking from two bottles. After the training, one bottle of the bottles was randomly replaced with a bottle containing a 1% sucrose solution, and 24 h later, the bottles were reversed to avoid perseveration effects. The use of a 48-h testing period allowed us to preclude any effects of neophobia, artifactual bias toward any particular side, and perseveration effects. After 20 h of water deprivation, the animals were presented with pre-weighed bottles, one containing tap water and the other filled with 1% sucrose solution (in the same type of water). Two h later, sucrose and water intake were measured to determine the difference between the initial and final weight of the bottle. Sucrose preference was calculated according to the formula: sucrose preference = [sucrose intake/(sucrose intake + water intake)] × 100.



2.8 Motor function

Motor coordination and locomotor gait parameters were assessed after 4 weeks of golexanolone administration.


2.8.1 Motor coordination in the motorater

A kinematic analysis of motor coordination was conducted using the MotoRater apparatus (TSE Systems, Germany), as described by Zörner et al. (2010). The system consisted of a horizontal ladder that the animals had to cross (referred to as a “run”) to reach their own cage. During this process, the rats' movements were recorded from three different angles. Three uninterrupted runs were recorded for each rat. The runs were analyzed by counting and classifying the steps as correct or wrong paw placements (slips or misses). The results are expressed as a percentage of total steps and are the mean of the three runs.



2.8.2 Footprint analysis of locomotor gait in the CatWalk™

CatWalk XT is a video-based system for automatic gait analysis (Noldus, Wageningen, the Netherlands). The system consisted of an enclosed walkway on a glass plate that the animals had to cross from side to side (each cross is considered a run) to reach a dark box that connected to their housing cage, where they felt secure. The glass had a green light internally reflected that could only escape and be detected in the areas where the animal was touching it. When a part of the animal was in contact with the glass, a digital image was created. The software allowed one to discriminate between paws (front or hind and left or right). Three runs were recorded each day for 2 days. The data were analyzed using the CatWalkTM analysis software (v 7.1) and were the average of the six runs. The software analyzed the step cycle in the run, that is, the time between two consecutive initial contacts of the same paw, and that is divided into Stand + Swing. Stand is the duration of contact of a paw with the glass plate, and Swing (%) is the duration of no contact of a paw with the glass plate as a percentage of the step cycle. The regularity index represents the percentage of normal step sequence patterns relative to the total number of paw placements and can be used as a measure of inter-paw coordination, usually at 100% in healthy animals. Print positions are the distance between the position of the hind paw and that of the previously placed front paw on the same side of the body and in the same step cycle.

The stand index is a measure of the speed at which the paw loses contact with the glass plate during motion. “Max Intensity At (%)” refers to the point in time during the run, expressed as a percentage of the total stand duration, when the paw's contact with the surface reaches its peak intensity. Swing speed is the speed of the paw during a swing. Stride length is the distance between two successive placements of the same paw. The duty cycle (%) is another crucial metric; it represents the stand duration as a percentage of the entire step cycle (as opposed to the swing percentage), and the dual stance refers to the intervals within a step cycle when both hind paws are in contact with the ground simultaneously. This is further broken down into Initial Dual Stance, which is the first instance of simultaneous ground contact by both hind paws during the step cycle, and Terminal Dual Stance, which is the second occurrence of such contact within the same cycle. These metrics provide detailed insights into the gait dynamics and motor coordination of the subjects).

Short-term spatial recognition memory was analyzed using a Y-maze. The rats were placed into one arm (start arm) and allowed to explore the maze with one arm closed for 2 min (the training trial) two times, with 1 min of inter-trial interval. In the test trial, performed after 1 min, the rats were allowed to explore both arms for 2 min. The number of entries and the time spent in each arm were recorded, and a discrimination ratio [(time spent in the novel arm–time spent in the familiar arm)/total time spent in the two arms] was calculated.



2.8.3 Analysis of dyskinesias

The appearance of abnormal involuntary movements (AIMs) was followed for 5 weeks (three times per week). The rats were placed individually in transparent plastic cages and recorded for 1 min every 20th min at 20–180 min after the injection of L-DOPA or vehicle, as done by Lundblad et al. (2002). As described before (Cenci and Lundblad, 2007; Mincheva et al., 2022), AIMs were classified into four subtypes: (1) axial, dystonic posturing or choreiform twisting of the neck and upper body toward the side contralateral to the lesion; (2) limb, abnormal, purposeless movements of the forelimb and digits contralateral to the lesion; (3) orolingual, empty jaw movements and contralateral tongue protrusion; and (4) locomotive, increased locomotion toward the contralateral side. Each of these four subtypes was scored on a severity scale from 0 to 3 (0 = not present during the observation time, 1 = present during less than half of the observation time, 2 = present during more than half of the observation time, and 3 = present all the time). The theoretical maximum score that could be accumulated by one animal in one testing session for each AIM subtype was 27 (maximum score per observation point = 3 × number of observation points = 9).




2.9 Immunohistochemistry

For immunohistochemistry studies, the rats were anesthetized with sodium pentobarbital and transcardially perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (pH = 7.4). The brains were extracted and post-fixed in the same fixative solution for 24 h. The tissue was embedded in paraffin, and 5 μm sections were cut and mounted on coated slides. The samples from the rats analyzed 5 weeks after surgery were cut longitudinally, while those from the rats after 10 weeks were cut transversally. Three sections from different parts of the striatum, covering the whole medium-lateral (for longitudinal sections) or whole anteroposterior (for transversal sections) striatum, were taken. The sections were sequentially incubated with 3% H2O2, blocking serum, and the following primary antibodies at 4°C overnight: Iba1 (1:300, 019–19741 Wako); GFAP (1:300, G3893 Sigma), tyrosine hydroxylase (1:500, ab112 Abcam), or α-synuclein (1:100, 10842-1-AP Proteintech). Then, slides were incubated with biotinylated secondary antibodies (1:200, Vector Laboratories), goat anti-mouse, or goat anti-rabbit for 1 h at room temperature. The signal was amplified using the Vectastain ABC kit (Vector Laboratories). The chromogenic reaction was performed using a DAB kit (Abcam), and finally, the slides were counterstained with Mayer's hematoxylin (DAKO). The sections were scanned with an Aperio Versa system (Leica Biosystems, Germany) for further image analysis.



2.10 Analysis of microglia and astrocyte activation

For this analysis, fields at 40 × magnification were acquired for the scanned slides using the software ImageScope64. From each rat, 8–10 images were taken from the three sections in the striatum region (either contralateral or ipsilateral). Microglia activation was analyzed by measuring the perimeter of individual Iba1-stained cells using Image-Pro Plus (v.6.0) software. We used the measurement of the microglia perimeter as a measure of the acquisition of an amoeboid shape by the microglia when their phagocytic activity increases, which is indicative of reactive microglia. In this state, the microglia's ramifications are shortened, leading to a decrease in the total perimeter. This method, and perimeter decrease in general, has been extensively used to quantify microglia activation and coincide with an increased number of microglia cells (Gonzalez-Perez et al., 2002; Rodrigo et al., 2010; Agusti et al., 2017; Ullah et al., 2020). Astrocyte activation was assessed by measuring the total GFAP-stained area in the three sections per rat using ImageJ software. For both microglia and astrocytes, the results were the average of all images analyzed from each rat, which were expressed as a percentage of shams.



2.11 Analysis of tyrosine hydroxylase and α-synuclein content

For this analysis, fields containing the striatum region (either contralateral or ipsilateral) were captured from the scanned slides at lower magnification for each rat. The optical density of TH, or α-synuclein, was quantified using ImageJ software. The entire striatal area was manually selected using the ROI (Region of Interest) manager function in ImageJ. The inverted values of mean intensity were recorded, and the results represent the average values derived from the three different slides for each rat and were expressed as a percentage of the values obtained from sham-operated control rats.



2.12 Analysis of protein content by Western blot

The animals were euthanized by decapitation 10 weeks after surgery. The striata from both the contralateral and ipsilateral were dissected, homogenized in five volumes of lysis buffer (50 mM TRIS–HCl pH 7.5, 50 mM NaCl, 10 mM EGTA, 5 mM EDTA, with protease and phosphatase inhibitors) using sonication, and then centrifuged at 13,000 × g for 10 min. The total protein content in the supernatant was determined using the bicinchoninic acid method (BCA, from PIERCE). Samples (30 μg) from both hemispheres (injected and contralateral) in the same gel were subjected to electrophoresis and immunoblotting, following the procedure outlined by Felipo et al. (1988). The membranes were probed with the following primary antibodies: tyrosine hydroxylase (1:4,000, ab112 Abcam), α-synuclein (1:1,000, 10842-1-AP Proteintech), and β-actin (1:5,000, ab6276 Abcam) as loading control. The membranes were then scanned using a ScanJet 5,300C (Hewlett-Packard, Amsterdam, the Netherlands), and band intensities were quantified using Alpha Imager 2,200 version 3.1.3 (Alpha Innotech Corporation). Band intensities were normalized to the β-actin intensity on the same membrane to ensure accurate quantification. The results were expressed as a percentage of those obtained from sham-operated controls, facilitating comparative analysis.



2.13 Statistical analysis

Data are expressed as mean ± SEM. All statistical analyses were conducted using GraphPad Prism software v. 9.0. Data were tested for normality (Kolmogorov–Smirnov or Shapiro-Wilk test) and for homogeneity of variances. Statistical analysis was carried out using a two-way ANOVA, which considered two factors: the first factor being sham vs. 6-OHDA lesion, and the second factor being vehicle vs. Golexanolone treatment. Post-hoc comparisons between groups were conducted using Tukey's or Fisher's multiple comparison tests, depending on the specific requirements of the data. Statistics data are indicated in each figure legend.




3 Results


3.1 The 6-OHDA rats show increased fatigue, anxiety-like behavior, and anhedonia. Golexanolone improves all these alterations but not the decreased ambulatory activity

Fatigue was evaluated using a treadmill. When the rats became tired and stopped running, they received a mild electric shock. The 6-OHDA rats spent less time on the treadmill than the sham rats (494 ± 100s vs. 824 ± 53 s, p < 0.05) (Figure 2A) and endured more time receiving shocks (48 ± 12 s vs. 1.65 ± 0.62 s, p < 0.01) (Figure 2B), which reflects increased fatigue. Treatment with golexanolone notably ameliorated these effects in the 6-OHDA rats, as shown by an increase in the duration they remained active on the treadmill (775 ± 56 s) (Figure 2A) and a decrease in the time spent in the shock zone (15 ± 3 s, p < 0.05 compared to 6-OHDA rats without treatment) (Figure 2B).
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FIGURE 2
 Golexanolone treatment reverses fatigue, anxiety, anhedonia and short-term memory deficits in 6-OHDA rats. Fatigue was evaluated in the treadmill: (A) time in treadmill [6-OHDA effect was significant (p = 0.024) whereas treatment effect (p = 0.094) and interaction were not statistically significant; Tukey's test was used for multiple comparisons] (B) time in shock zone, expressed as percentage of total time of the test (effect of 6-OHDA (p = 0.0002), of golexanolone treatment (p = 0.024), and interaction (p = 0.032) were all statistically significant; Tukey's test was used for multiple comparisons). Anxiety was evaluated in the open field during 5 min: time spent in the central zone of the box [effect of 6-OHDA injection was significant (p = 0.045), as well as interaction (p = 0.027), whereas treatment effect was not statistically significant; Fisher's LSD test was used for multiple comparisons] (C), ambulatory activity, total distance traveled, was also evaluated in the open field (only effect of 6-OHDA injection was significant (p < 0.0001); Tukey's test was used for multiple comparisons) (D) and distance in the central zone [effect of 6-OHDA injection was significant (p = 0.001), but treatment effect does not reach significance (p = 0.051) and interaction was not significant; Tukey's test was used for multiple comparisons] (E). Anhedonia, evaluated by the sucrose preference test, was expressed as percentage of sucrose intake [effect of 6-OHDA was statistically significant (p = 0.0009) as well as interaction effect (p = 0.023), whereas treatment effect not reached significance (p = 0.058); Tukey's test was used for multiple comparisons] (F). Short-term memory evaluated in a Y-maze was measured with a discrimination ratio [injection of 6-OHDA do not induce significant effect but there is a significant interaction (p = 0.011) and treatment effect not reach significance (p = 0.085); Tukey's test was used for multiple comparisons] (G). In (H) is shown the time spent in each arm. In all groups except in the 6-OHDA group without golexanolone treatment, time spent in the new arm is significantly higher than in the old arm (one-way ANOVA followed by Tukey's test was used). In (I) we also show number of entries in each arm, which was higher to the new arm in shams groups but not in 6-OHDA groups, in which total number of entries is significant lower due to lower activity (one-way ANOVA followed by Tukey's test was used). Data are the mean ± SEM of 7–12 rats per group. Values significantly different from SHAM-VH rats are indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001), values significantly different from 6-OHDA-VH are indicated by a (a = p < 0.05) and values significant different between new and old arm in the Y-maze are indicated with # (## p < 0.01; ### p < 0.001) (VH, vehicle and Golex, golexanolone).


Anxiety was evaluated in an open arena for 5 min by measuring the time that the rat remained in the central zone instead of close to the walls of the box, where the rats felt safer. The 6-OHDA rats remained for less time than sham rats in the central zone (9.6 ± 1.1 s vs. 18 ± 2 s, p < 0.01), indicating more anxiety-like behavior. Treatment with golexanolone completely reversed anxiety (15 ± 2 s, p < 0.05 compared with the 6-OHDA rats without treatment) (Figure 2C). Total distance traveled (a measure of ambulatory activity) was also reduced in the 6-OHDA-injected rats compared to the sham rats (6.4 ± 0.8 m vs. 13 ± 1 m, p < 0.01) and was not improved by golexanolone (6.5 ± 0.8 m vs. 13 ± 1 m, p < 0.01 compared with the sham rats) (Figure 2D). We also analyzed the distance traveled in the central zone, which is also reduced in 6-OHDA rats, both with and without golexanolone treatment (Figure 2E). This indicates that the 6-OHDA-treated rats moved less but spent more time in the center, which is the measure of anxiety-like behavior, and is reversed by golexanolone. The sucrose preference test evaluates anhedonia, a symptom of depression. As shown in Figure 2F, the 6-OHDA rats showed reduced preference for the sucrose solution compared with the sham rats (82 ± 2 % vs. 91 ± 1 %, p < 0.001), indicating anhedonia (depression) in the rats, which was completely reversed by golexanolone (89 ± 1 %, p < 0.05 compared with the 6-OHDA rats without treatment) (Figure 2F).



3.2 The 6-OHDA rats show reduced short-term memory, which is improved by golexanolone

Short-term memory deficits were observed in the 6-OHDA rats, as evaluated using the Y maze. The discrimination ratio in these rats was significantly lower compared to the sham rats (0.1 ± 0.13 vs. 0.5 ± 0.05, p < 0.05) (Figure 2G), indicating impaired short-term memory. Golexanolone treatment effectively normalized this measure (0.6 ± 0.1, p < 0.05 compared with the untreated 6-OHDA rats) (Figure 2G). Figure 2H further reveals that the 6-OHDA rats spent a similar amount of time exploring both the new and old arms of the maze, unlike the other groups, which showed a significant preference for the newly opened arm. Additionally, the number of entries into each arm was significantly reduced in the 6-OHDA rats, regardless of whether they were treated with golexanolone, which reflects a decrease in overall activity that was not ameliorated by the treatment (Figure 2I).



3.3 6-OHDA rats show motor incoordination and impaired locomotor gait. Golexanolone improves motor incoordination and locomotor gait

The 6-OHDA rats showed motor incoordination in the motorater, with an increased number of errors (1.8 ± 0.8 vs. 0.8 ± 0.1, p < 0.01 compared with the sham rats). Golexanolone treatment completely restored motor coordination in the 6-OHDA rats, reducing the number of errors to 0.6 ± 0.1 (p < 0.001 compared with the 6-OHDA rats without treatment; Figure 3A). Another indicator of motor coordination is the regularity index analyzed in the catwalk. The 6-OHDA rats showed a reduced regularity index compared to the sham rats (92.5 ± 1.4 % vs. 97 ± 0.5 %, p < 0.01), indicating motor incoordination, which was improved by golexanolone treatment (95.3 ± 0.6, p < 0.05 compared with the 6-OHDA rats without treatment) (Figure 3B).
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FIGURE 3
 Golexanolone treatment reverses motor incoordination and some locomotor gait deficits in 6-OHDA rats. (A) Motor incoordination: average of errors/run for each rat in the Motorater test. Two-way ANOVA indicated significant effects of 6-OHDA (p = 0.0012), of golexanolone treatment (p = 0.0001) and also a significant interaction (p = 0.027); Tukey's test was used for multiple comparisons. Different parameters evaluating locomotor gait were measured in the CatWalk: (B) regularity index [the interaction was significant (0.0005), although 6-OHDA and golexanolone treatment did not induce significant effects; Fisher's LSD test was used for multiple comparisons], (C) print positions were increased in 6-OHDA groups [group effect was significant (p = 0.0001) but not treatment effect or interaction; Tukey's test was used for multiple comparisons], (D) stand index [only 6-OHDA effect was significant (p = 0.0001); Tukey's test was used for multiple comparisons], (E) stand is shown separated for front and hind paws, as the effects were different; for front paws there is a significant effect of 6-OHDA injection but not of treatment, but interaction was close of significance (p = 0.077); Fisher's LSD test was used for multiple comparisons, (F) for hind paws only group effect was significant (p < 0.0001); Fisher's LSD test was used for multiple comparisons, (G) Max Intensity At as percentage of stand is also increased in 6-OHDA injected rats [only significant effect of 6-OHDA injection was found (p = 0.0001); Tukey's test was used for multiple comparisons], (H) swing (as percentage of the step cycle), statistic data were: p = 0.05 for 6-OHDA effect, p = 0.079 for treatment effect and no significant interaction; Fisher's LSD test was used for multiple comparisons, (I) swing speed is clearly decreased in 6-OHDA injected rats and not affected by golexanolone [only 6-OHDA effect was significant (p < 0.0001); Tukey's test was used for multiple comparisons], (J) stride length is decreased in 6-OHDA injected groups (p < 0.0001 for 6-OHDA effect and treatment effect or interaction were no significant; Tukey's test was used for multiple comparisons) (K) duty cycle, as percentage of the step cycle [effect of 6-OHDA injection is significant (p = 0.0043) and also effect of golexanolone treatment (p = 0.018) but not significant interaction was found; Fisher's LSD test was used for multiple comparisons], (L) initial dual stance [significant effect of 6-OHDA (p < 0.0001) and of golexanolone treatment (p = 0.028) were found, as well as a significant interaction (P = 0.034); Tukey's test was used for multiple comparisons]. Data are the mean ± SEM of 8–10 rats per group. Values significantly different from SHAM-VH rats are indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and values significantly different from 6-OHDA-VH are indicated by a (a = p < 0.05, aaa = p < 0.001) (VH, vehicle and Golex, golexanolone).


We also analyzed different parameters to evaluate locomotor gait on the catwalk. The 6-OHDA rats showed increased initial dual stance (duration of contact with the ground of the two hind or front paws at the same time in each step) compared with the sham rats (0.08 ± 0.017 s vs. 0.044 ± 0.011 s, p < 0.01) (Figure 3C) and duty cycle [duration of contact of the paw with the ground, expressed as percentage of Step Cycle (the opposed to Swing percentage)] in the front paws (62 ± 2 % vs. 58 ± 2 %, p < 0.05) (Figure 3D). 6-OHDA rats showed a reduced swing percentage (the time a paw is not in contact with the ground, expressed as a percentage of Step Cycle) compared with the sham rats (37 ± 2 % vs. 41 ±3 %, p < 0.05) (Figure 3E). Treatment with golexanolone reversed these changes in initial dual stance (0.062 ± 0.017s, p < 0.05), duty cycle (56 ± 4 %, p < 0.01), and swing percentage (40 ± 4 %, p < 0.05) in the 6-OHDA rats (Figures 3C–E). Stand (the duration of contact of a paw with the glass plate) is increased in the 6-OHDA rats, and it is reduced by golexanolone treatment in the front but not in the hind paws (Figures 3F, G). However, there are also some parameters of locomotor gait that are altered in the 6-OHDA rats and are not improved by treatment with golexanolone: max intensity at % (Figure 3H), stand index (Figure 3I), swing speed (Figure 3J), stride length (Figure 3K), and print positions (Figure 3L).



3.4 Golexanolone treatment does not induce dyskinesia in 6-OHDA rats, while L-DOPA treatment induces it

Different types of dyskinesia were monitored after administering golexanolone or L-DOPA treatment for 5 weeks at a frequency of 3 sessions/week, for a total of 15 sessions. L-DOPA treatment led to the onset of four subtypes of AIMs evaluated: axial, limb, orolingual, and locomotive (Figure 4). The intensity of AIMs increased during the initial sessions and then stabilized around sessions 7–8. In contrast, golexanolone treatment did not induce axial, limb, or locomotive AIMs (Figures 4A, B, D). There was a mild induction of orolingual AIMs in the 6-OHDA rats treated with golexanolone, but this was significantly less severe compared to the AIMs induced by L-DOPA (p < 0.0001) (Figure 4C).
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FIGURE 4
 Golexanolone treatment only induces mild orolingual dyskinesias in 6-OHDA rats, unlike the general and strong dyskinesias induced by L-DOPA. Different types of dyskinesia were followed after golexanolone or L-DOPA treatment for 5 weeks, 3 sessions/week, for a total of 15 sessions. The score/session is showed for each of the four subtypes of AIMs evaluated: (A) axial, (B) limb, (C) orolingual, and (D) locomotive. Data are the mean ± SEM of 10–12 rats per group.




3.5 Tyrosine hydroxylase content is decreased in the striatum of the 6-OHDA rats. Golexanolone treatment partially reduces this decrease at 5 weeks after surgery

Immunohistochemistry of TH was performed at 5 and 10 weeks after surgery and 2 and 6 weeks of treatment, respectively. TH immunostaining was quantified in both the right (injured) and left hemispheres.

At 5 weeks after surgery, TH staining was reduced in the right injured striatum of the 6-OHDA rats (36 ± 4 % of the sham rats, p < 0.0001), whereas the left striatum did not show any significant reduction (97 ± 13% of the sham rats) (Figures 5A, C). Golexanolone treatment significantly rescued the TH staining in the 6-OHDA rats (62 ± 11% of the sham rats, p < 0.05 compared with the 6-OHDA-untreated rats and p < 0.01 compared with the sham rats) (Figures 5A, B).


[image: The image contains two panels labeled A and C, showing brain tissue stained for tyrosine hydroxylase in different experimental groups: Sham-VH, Sham-Golex, 6-OHDA-VH, and 6-OHDA-Golex. Panels B and D display bar graphs comparing the tyrosine hydroxylase positive area percentages across these groups for right-injected and left-unlesioned sides. The graphs illustrate the effects of the treatments, with statistical significance indicated by asterisks and symbols. A Western blot in panel D presents tyrosine hydroxylase expression levels. Scale bars indicate 100 micrometers.]
FIGURE 5
 Tyrosine hydroxylase content is reduced in the striatum of 6-OHDA rats and golexanolone treatment partially restores it at 5 weeks after surgery. Representative images of immunohistochemistry staining against tyrosine hydroxylase (TH) in the ipsilateral (right) and contralateral (left) striatum at 5 (A) and 10 (C) weeks after surgery. Scale bar = 100 μm, as indicated in the figure. TH staining optical density in striatum, expressed as percentage of shams at 5 (B) and 10 (D) weeks after surgery. Data are the mean ± SEM of 6 rats per group in B and 3-4 rats per group in (D). Data were analyzed by Two-way ANOVA, independently in the right and the left striatum: (B) in the injected striatum 6-OHDA effect was significant (p < 0.0001) and there is also significant interaction between 6-OHDA injection and treatment (p = 0.02) but treatment effect was not significant; in the contralateral striatum no significant differences were found; multiple comparisons were performed with Fisher's LSD test, (D) in the lesioned part 6-OHDA induced significant effect (p < 0.0001), but not golexanolone treatment, although interaction was almost significant (p = 0.053); Tukey's test was used for multiple comparisons; in the contralateral striatum both 6-OHDA effect (p < 0.0001) and treatment effect (p = 0.0003) were significant and interaction p-value was 0.055; multiple comparisons were performed with Fisher's LSD test. TH content was also analyzed by western blot (E), in the injected hemisphere 6-OHDA effect (p < 0.0001) was significant as well as treatment effect (p = 0.014) and interaction p-value was p = 0.06; Tukey's test was used for multiple comparisons; in the contralateral hemisphere also 6-OHDA effect (p < 0.0001) and treatment effect (p = 0.0057) were significant but not the interaction; Tukey's test was used for multiple comparisons. Values significantly different from SHAM-VH rats are indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and values significantly different from 6-OHDA-VH are indicated by a (a p < 0.05).


At 10 weeks after surgery, the 6-OHDA rats showed a larger reduction of TH staining in the injured striatum (25 ± 11% of shams, p < 0.001), and golexanolone treatment no longer prevented this TH loss (10 ± 3% of the sham rats, p < 0.0001) (Figures 5B, D). At this time, the left striatum also showed a significant reduction in TH in the 6-OHDA rats (58 ± 12% of shams, p < 0.05). This reduction in TH was prevented in the rats treated with golexanolone (89 ± 8 % of shams, p < 0.05 compared with the 6-OHDA-untreated rats) (Figures 5C, D). TH content was also analyzed by western blot in the striatum at 10 weeks after surgery. The results obtained were essentially equal to those obtained by immunohistochemistry except for the unlesioned hemisphere of the sham rats treated with golexanolone, likely due to variability between different rats. Both in the injected and contralateral hemispheres, TH was reduced in the 6-OHDA rats and was not affected by golexanolone treatment, as observed using immunohistochemistry (Figure 5E).



3.6 Alpha-synuclein is increased in the striatum of 6-OHDA rats at 10 weeks after surgery. Golexanolone treatment prevented this increase

The α-synuclein immunostaining was significantly increased in the injured striatum of the 6-OHDA rats at 10 weeks after surgery (334 ± 46% of shams, p < 0.001), and golexanolone treatment prevented this increase in the 6-OHDA rats (118 ± 39 % of shams, p < 0.01 compared with the 6-OHDA-untreated rats) (Figures 6A, B). The content of α-synuclein analyzed by immunohistochemistry in the striatum of the 6-OHDA rats was not altered in the untreated or treated rats 5 weeks after surgery (Figure 6D).
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FIGURE 6
 α-synuclein content is increased in the striatum of 6-OHDA rats and golexanolone treatment normalizes it at 10 weeks after surgery. (A) Representative images of immunohistochemistry staining against α-synuclein in the ipsilateral (right) and contralateral (left) striatum at 10 weeks after surgery. Scale bar = 100 μm, as indicated in the figure. Quantification of α-synuclein content (optical density in the immunohistochemistry) in 3–4 rats per group at ten (B) and five (D) weeks after surgery. Data are the mean ± SEM and were analyzed by Two-way ANOVA; at ten weeks, in the injected hemisphere not significant effect of 6-OHDA or treatment was found but interaction was significant (p = 0.0006); in the contralateral striatum no significant effects were found; multiple comparisons were performed with Fisher's LSD test; at 5 weeks, no significant difference was found between the groups. The content of α-synuclein at 10 weeks was also analyzed by Western blot in 8–9 rats per group (C) expressed as percentage of shams (mean ± SEM); in the injected striatum 6-OHDA effect (p = 0.035), treatment effect (p = 0.029) and interaction (p = 0.0057) were all significant; in the unlesioned striatum, also significant effects of 6-OHDA (p < 0.0001) and of treatment with golexanolone (p < 0.0001) were found but not significant interaction; Tukey's test was used for multiple comparisons. Values significantly different from SHAM-VH rats are indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and values significantly different from 6-OHDA-VH are indicated by a (a p < 0.05, aa p < 0.01).


Similar results were obtained when the α-synuclein content was analyzed using Western blot. α-synuclein was also increased (195 ± 35% of shams, p < 0.05) in the injured striatum of the 6-OHDA rats at 10 weeks after surgery, and this increase was prevented by golexanolone (99 ± 9% of the sham rats, p < 0.05 compared with the 6-OHDA-untreated rats) (Figure 6C), as we observed using immunohistochemistry. In the contralateral striatum, a significant reduction of α-synuclein content was observed in the 6-OHDA rats but also in the sham rats and especially in the 6-OHDA rats treated with golexanolone (Figure 6C). This effect in the contralateral striatum can also be observed using immunohistochemistry, but it was not as evident and not statistically significant.



3.7 Microglia is activated in the striatum of 6-OHDA rats. Golexanolone treatment prevented this activation at 5 but not at 10 weeks after surgery

As an approximation to analyze the role of neuroinflammation in the beneficial effects of golexanolone in this Parkinson's model, we evaluated glial activation in the striatum.

Microglia activation is reflected in a decrease in the perimeter of microglia cells stained with Iba1 using immunohistochemistry. Microglia was significantly activated in the 6-OHDA rats in the injured striatum at 5 weeks (217 ± 8 μm compared with 254 ± 1 μm in the sham rats, p < 0.05) and at 10 weeks after surgery (87 ± 10 μm compared with 145 ± 8 μm in the sham rats, p < 0.05) (Figure 7). At 10 weeks, microglia was also activated in the contralateral striatum (84 ± 3 μm compared with 165 ± 18 μm in the sham rats, p < 0.05) (Figures 7B, D). Golexanolone significantly reduced microglia activation in the injured striatum at 5 weeks (250 ± 8 μm, p < 0.05 compared with the 6-OHDA-untreated rats) but not at 10 weeks in any hemisphere (Figure 7).


[image: Panel A displays micrograph images of brain tissue from rats treated with Sham-VH, Sham-Golex, 6-OHDA-VH, and 6-OHDA-Golex, showing neuronal staining with highlighted structures marked by arrows. Panel B shows similar micrographs for a longer time point (thirty weeks) with no marked structures. Panel C and D are bar graphs illustrating the perimeter measurements (micrometers) of right-injected and left-unlesioned brain hemispheres across different treatments. Significant differences are marked with asterisks and letters. Scale bar indicates twenty-five micrometers.]
FIGURE 7
 Microglia is activated in the striatum of 6-OHDA rats and golexanolone treatment normalizes it at 5 weeks after surgery. Representative images of immunohistochemistry staining against Iba1 in the ipsilateral (right) and contralateral (left) striatum at 5 (A) and 10 (B) weeks after surgery. Scale bar = 25 μm, as indicated in the figure. Arrows indicate examples of activated (ameboid) microglia cell in 6-OHDA group at 5 weeks and of a more branched (non-activated) microglial cell in the 6-OHDA group treated with golexanolone, indicating reversal of microglia activation by golexanolone. Perimeter of the Iba1 stained cells at 5 (C) and 10 (D) weeks after surgery. Data are the mean ± SEM of 3–6 rats per group and were analyzed by Two-way ANOVA. In (C), injected hemisphere, no significant effects of 6-OHDA or treatment, or interaction, were found, but significant effects results from Fisher's LSD multiple comparisons test; in the contralateral hemisphere interaction was significant (p = 0.033) and multiple comparisons were also performed with Fisher's LSD test. In (D), 6-OHDA injection has significant effect in the ipsilateral striatum (p < 0.0001), as well as treatment (p = 0.032) and interaction between group and treatment was also significant (p = 0.036). In the contralateral striatum the effect of 6-OHDA was also significant (p = 0.0012) and the treatment (p = 0.021), but not significant interaction exists; Tukey's test was used for multiple comparisons. Values significantly different from SHAM-VH rats are indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001) and values significantly different from 6-OHDA-VH are indicated by a (a p < 0.05).




3.8 Astrocytes are activated in the striatum of the 6-OHDA rats 5 weeks after surgery. Golexanolone treatment prevented this activation

Astrocyte activation in the striatum was analyzed using immunohistochemistry. An increased percentage of the area stained by GFAP reflects the activation of astrocytes. Astrocytes were significantly activated in the 6-OHDA rats in the injured striatum at 5 weeks (123 ± 10% of the sham rats, p < 0.05), and golexanolone reversed this increase (92 ± 4 % of the sham rats, p < 0.05 compared with the 6-OHDA-untreated rats) (Figures 8A, C). At 10 weeks, astrocyte activation was no longer present in the 6-OHDA rats (102 ± 3% of the sham rats) (Figures 8B, D). No differences were found in the contralateral striatum regarding astrocyte activation.


[image: Microscopic images and bar graphs detail the effects of different treatments on striatum sections. Panels A and B show stained sections from "Sham-VH," "Sham-Golex," "6-OHDA-VH," and "6-OHDA-Golex" groups at 5 weeks and 10 weeks, respectively, with a scale bar of 50 micrometers. Panels C and D display bar graphs comparing GFAP stained area percentages for right-injected and left-unlesioned sides across the same groups.]
FIGURE 8
 Astrocytes are activated in the striatum of 6-OHDA rats at 5 weeks after surgery and golexanolone treatment reduces this activation. Representative images of immunohistochemistry staining against GFAP in the ipsilateral (right) and contralateral (left) striatum at 5 (A) and 10 (B) weeks after surgery. Scale bar = 50 μm, as indicated in the figure. GFAP stained area in striatum, expressed as percentage of shams at (C) 5 and (D) 10 weeks after surgery. Data are the mean ± SEM of 3–5 rats per group and were analyzed by Two-way ANOVA; in C, in the injected striatum, significant effect of golexanolone treatment (p = 0.035) was found, but not of 6-OHDA injection, and interaction p-value was p = 0.054; in the contralateral striatum no significant differences were found; in (D) no significant differences were found in any hemisphere; multiple comparisons were performed with Fisher's LSD test. Values significantly different from SHAM-VH rats are indicated by asterisks (*p < 0.05) and values significantly different from 6-OHDA-VH are indicated by a (a p < 0.05).





4 Discussion

The results reported here show that golexanolone has beneficial effects on both the motor and non-motor symptoms of PD. Golexanolone improves motor coordination and some parameters of locomotor gait, fatigue, anxiety, depression, and short-term memory deficits. Altogether, these beneficial effects would significantly improve the quality of life of patients with PD. It is also noteworthy that golexanolone improves all these varieties of symptoms without inducing any relevant dyskinesia, in contrast with L-DOPA. L-DOPA alleviates the main motor symptoms and is considered the most effective treatment for patients with PD. However, most patients develop dyskinesia, with uncontrollable abnormal involuntary movements that severely reduce their quality of life (Tran et al., 2018; Balestrino and Schapira, 2020).

Concerning motor symptoms, golexanolone improves motor coordination, fine motor kinematics, and gait performance, as reflected by the improved performance in the Motorater test and in some parameters of the Catwalk test such as regularity index, initial dual stance, percentage of swing, and duty cycle. Golexanolone does not seem to significantly improve bradykinesia, as reflected by the lack of improvement in ambulatory activity or in the step cycle, swing speed, or stride length in the catwalk.

Concerning freezing of gait (FoG), there is not a single locomotor gait parameter in rats that could be considered a direct measurement of FoG. It has been proposed that dual stance, as analyzed in the Catwalk, would reflect the FoG (Xiao et al., 2017; Boix et al., 2018). Dual stance is the duration of ground contact for both hind paws simultaneously in seconds. The catwalk analyzes initial and terminal dual stances. Another parameter that could reflect FoG is the duty cycle, which stands as a percentage of the step cycle. Stand is the duration of contact with the ground of the paw. The duration of “no contact” is the swing. The sum of stand + swing is the step cycle.

FoG would increase the percentage of time that the paw remains in contact with the ground, that is, the duty cycle. Golexanolone reverses the increase in initial dual stance, the increase in duty cycle, and the decrease in swing in front paws in 6-OHDA rats. This suggests that golexanolone could improve the freezing of gait in patients with Parkinson's.

Concerning non-motor symptoms, golexanolone improves the key symptoms that contribute to impairing the quality of life of the patients: fatigue, anxiety, depression, and short-term memory.

Fatigue is one of the most common and disabling symptoms in patients with PD, which has a high prevalence and has a significant impact on their quality of life (Beiske and Svensson, 2010; Kostić et al., 2016). Approximately 35% of PD patients show depression and anxiety, the most common psychiatric symptoms of PD (Zhang et al., 2023).

Heitmann et al. (2022) propose that neuroinflammation plays a key role in fatigue and depression in multiple sclerosis. Similar mechanisms may contribute to inducing fatigue and depression in PD. The reduction of glial activation and neuroinflammation by golexanolone may contribute to the improvement of fatigue and depression.

Cognitive impairment in patients with PD is also one of the most common disabling non-motor manifestations during the course of the disease. Neuroinflammation has also been proposed as a target to improve cognitive impairment in PD (Degirmenci et al., 2023), and golexanolone may improve short-term memory by reducing glial activation and neuroinflammation.

Concerning the mechanisms by which golexanolone improves motor and non-motor symptoms in the 6-OHDA rats, three main contributors would be: (1) reduction of microglia and astrocyte activation; (2) reduction of the loss of TH in the striatum; and (3) prevention of the increase in the content of α-synuclein. Golexanolone reduced glial activation and TH loss transiently; the beneficial effects were remarkable at 5 weeks after surgery but were lost at 10 weeks after surgery as brain damage progressed further. However, this was enough to improve motor and non-motor symptoms even at 8 weeks after surgery and potentially for longer periods. The prevention of the increase in the content of α-synuclein by golexanolone appears to be long-lasting and may also contribute to the sustained improvement of motor and non-motor symptoms.

An additional possible mechanism involved in the beneficial effects of golexanolone would be the reduction of GABAA receptor activation, which would reduce the inhibitory tone acting on surviving dopamine neurons, thereby increasing dopaminergic neuron activity, which would improve functional outcomes. This may explain the improvement in golexanolone behavior at 10 weeks post-lesion.

The activation of microglia and astrocytes plays a key role in the pathology of PD and other α-synucleinopathies (Kam et al., 2020; Stefanova, 2022; Chen et al., 2023). Golexanolone reduces microglia and astrocyte activation at 5 weeks after surgery. We have shown that golexanolone also reverses microglia and astrocyte activation in the rats with hyperammonemia and hepatic encephalopathy, and this is associated with reduced neuroinflammation and improvement of cognitive and motor function (Mincheva et al., 2022; Arenas et al., 2023). A similar reduction of glial activation is induced by bicuculline, an antagonist of GABAA receptors (Malaguarnera et al., 2019, 2021), indicating that the reduction by golexanolone of glial activation is likely mediated by the reduction of activation of GABAA receptors.

Golexanolone also significantly reduces the loss of TH in the striatum at 5 weeks after surgery. The mechanism involved would be similar to that reported by Heo et al. (2020). As detailed in the introduction, they showed that GABA levels are increased in activated astrocytes of the substantia nigra in the rat models of PD, leading to enhanced activation of GABAA receptors in neurons, which, in turn, reduces the expression of TH in “dormant” but alive neurons. Reducing GABA levels with MAO-B inhibitors or blocking GABAA receptors reverses the loss of TH and improves motor symptoms in these rats (Heo et al., 2020). Golexanolone would prevent TH loss by similar mechanisms, reducing the activation of GABAA receptors and thus increasing TH expression. This is associated with improvements in motor and non-motor symptoms in 6-OHDA rats. Golexanolone does not prevent the loss of TH at 10 weeks after surgery, probably due to the progression of neuronal damage. However, the transient prevention of TH loss by golexanolona is enough to afford a long-lasting improvement in behavioral deficits.

Golexanolone also prevents the increase of α-synuclein at 10 weeks after surgery. Thus, α-synuclein may play an important role in the non-motor symptoms of PD (Jellinger, 2011). The prevention of the increase of α-synuclein could contribute to the improvement by golexanolone of motor and non-motor symptoms in 6-OHDA rats.

The mechanism by which golexanolone prevents the increase in α-synuclein may also be mediated by the reduction of GABAA receptor activation (Ross et al., 2020). Microglia activation facilitates the transmission of α-synuclein in PD (Zheng and Zhang, 2021). The reduction of microglia activation by golexanolone could also contribute to preventing the increase of α-synuclein in 6-OHDA rats.

In summary, we show that golexanolone improves some motor symptoms, motor incoordination, and some aspects of locomotor gait; it seems to improve the freezing of gait and improves key non-motor symptoms such as fatigue, depression, anxiety, and short-term memory, which strongly impair the quality of life of the patients. Moreover, golexanolone treatment does not induce dyskinesia in the 6-OHDA rat model, a behavior reported for L-DOPA that seriously impairs quality of life. Altogether, the improvement of all these symptoms by golexanolone would significantly improve the quality of life of patients with PD. The mechanisms by which golexanolone exerts these beneficial effects include a transient but very important reduction of microglia, astrocyte activation of tyrosine hydroxylase loss, and the sustained prevention of α-synuclein accumulation.

Golexanolone has already been shown to be safe and may be used in patients (Montagnese et al., 2021). This preclinical study shows that golexanolone is a promising therapeutic drug to improve fatigue, anxiety, depression, and cognitive and motor function in patients with PD. The findings underscore the necessity of conducting additional studies with patients to confirm the therapeutic utility of golexanolone.
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Exploring the role of anticipatory postural adjustment duration within APA2 subphase as a potential mediator between clinical disease severity and fall risk in Parkinson’s disease
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Introduction: People with Parkinson’s Disease (PD) often show reduced anticipatory postural adjustments (APAs) before voluntary steps, impacting their stability. The specific subphase within the APA stage contributing significantly to fall risk remains unclear.
Methods: We analyzed center of pressure (CoP) trajectory parameters, including duration, length, and velocity, throughout gait initiation. This examination encompassed both the postural phase, referred to as anticipatory postural adjustment (APA) (APA1, APA2a, APA2b), and the subsequent locomotor phases (LOC). Participants were instructed to initiate a step and then stop (initiating a single step). Furthermore, we conducted assessments of clinical disease severity using the Unified Parkinson’s Disease Rating Scale (UPDRS) and evaluated fall risk using Tinetti gait and balance scores during off-medication periods.
Results: Freezing of gait (FOG) was observed in 18 out of 110 participants during the measurement of CoP trajectories. The Ramer-Douglas-Peucker algorithm successfully identified CoP displacement trajectories in 105 participants (95.5%), while the remaining 5 cases could not be identified due to FOG. Tinetti balance and gait score showed significant associations with levodopa equivalent daily dose, UPDRS total score, disease duration, duration (s) in APA2a (s) and LOC (s), length in APA1 (cm) and APA2b (cm), mediolateral velocity in APA1 (X) (cm/s), APA2a (X) (cm/s), APA2b (X) (cm/s) and LOC (X) (cm/s), and anterior–posterior velocity in APA2a (Z) (cm/s) and APA2b (Z) (cm/s). Multiple linear regression revealed that only duration (s) in APA2a and UPDRS total score was independently associated with Tinetti gait and balance score. Further mediation analysis showed that the duration (s) in APA2a served as a mediator between UPDRS total score and Tinetti balance and gait score (Sobel test, p = 0.047).
Conclusion: APA2 subphase duration mediates the link between disease severity and fall risk in PD, suggesting that longer APA2a duration may indicate reduced control during gait initiation, thereby increasing fall risk.
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 Parkinson’s disease; fall risk; Tinetti balance and gait score; anticipatory postural adjustments; center of pressure trajectories; Unified Parkinson’s Disease Rating Scale


Introduction

Inefficient weight shifts are a prevalent factor leading to falls in individuals with Parkinson’s Disease (PD) (Tard et al., 2013; Lira et al., 2020; Russo et al., 2022). During quiet standing, the body’s center of mass (CoM) aligns vertically with the center of pressure (CoP). However, a dissociation between the CoP and CoM that occurs after stepping, known as CoM-CoP decoupling, results in an unstable stance leg condition (Winter et al., 1990; Plate et al., 2016).

Gait initiation (GI) is defined as the process that starts with the onset of movement following an initiation signal and ends at the toe-off of the stance foot. This process poses significant challenges for individuals with PD. It comprises two main phases: the postural phase and the locomotor phase (LOC), as depicted in Figure 1. The postural phase involves anticipatory postural adjustments (APA), which include APA1 and APA2 (Remelius et al., 2008). APA2 is further subdivided into APA2a and APA2b. APA1 initiates with the onset of movement, involving initial lateral and posterior shifts of the CoP toward the swing foot heel, and concludes as the swing foot begins to unload. APA2 follows, from the unloading to toe-off, primarily featuring a lateral CoP shift toward the stance foot, facilitated by hip strategy movements. APA2a starts immediately after the heel-off of the swing leg, ensuring a smooth transition in step progression, while APA2b continues throughout the movement, focusing on maintaining stability (Chung et al., 2008; Remelius et al., 2008; Delval et al., 2012; Cau et al., 2014). Absences or incompleteness of APAs are observed across all age groups in healthy individuals (Lu et al., 2017). In people with PD, a significant reduction in APAs preceding voluntary steps is noted, which likely contributes to the hypokinetic gait patterns commonly observed in this group (Rogers et al., 2011; Russo et al., 2022).

[image: Diagram with two panels: Panel A depicts a path with red nodes named APA1, APA2a, APA2b, and LOC, connected by a dashed line. Panel B overlays the path on a blue and multicolored heat map, indicating intensity or activity levels.]

FIGURE 1
 Computational analysis of CoP displacement parameters via the Ramer-Douglas-Peucker algorithm (A) in one healthy participant (B).


APAs are primarily evaluated using two metrics: amplitude and duration. Amplitude refers to the intensity of muscle activity required to counteract potential destabilization from impending movements. Greater amplitudes suggest a more robust preparatory response, which is essential for maintaining postural integrity. Duration, in contrast, measures the time these muscle adjustments are sustained prior to the commencement of movement. An extended duration may indicate a delayed neuromuscular response, often reflective of coordination challenges. This assessment is especially critical in diagnosing and managing balance disorders in individuals with neurological conditions, where prolonged durations may signify impaired muscle coordination (Remelius et al., 2008). For people with PD, the amplitude and duration of APAs tend to show more variability, illustrating differences in force generation, duration, and the displacement of CoP before the first step (Jacobs et al., 2009).

Within the context of PD, research into how the severity of clinical symptoms correlates with the occurrence of falls is divided into two main areas: the use of clinical rating scales and quantitative biomechanical assessments of APAs. These assessments include force plate analysis (Cau et al., 2014; Onuma et al., 2021), electromyography of the leg muscles (Crenna and Frigo, 1991; Schlenstedt et al., 2018), accelerometers (Mancini et al., 2009; Onuma et al., 2021) and wearable technology. Additionally, specialized clinical scoring systems like the Tinetti balance and gait scores are utilized to assess the likelihood of falls among individuals with PD who do not have significant cognitive impairments (Kerr et al., 2010).

Our recent investigation has confirmed the effectiveness of using the CoP trajectory as a metric for APA in individuals experiencing freezing of gait (FOG) (Kung et al., 2023). However, the specific subphase within the APA stage that may critically influence fall risk remains unclear. Historically, the relationship between clinical disease severity and APA has been seen as a complicating factor in gait studies related to PD (Tard et al., 2013; Lira et al., 2020; Russo and Vannozzi, 2021). In contrast, the primary goal of mediation analysis is to identify causal mechanisms. This method helps explore not only the causal links between clinical disease severity and fall risk but also the extent to which APA duration impacts fall risk (Lai et al., 2022). Our study tests the hypothesis that the duration of the APA2 subphase serves as a mediator in the relationship between clinical disease severity and fall risk in people with PD. Additionally, we included a control group of healthy volunteers to establish a baseline or ‘normal’ reference for CoP displacement parameters, allowing for comparisons with the effects observed in the experimental group. According to our hypotheses, increased severity in clinical conditions is associated with prolonged APA duration. This extended duration may indicate compromised balance control during gait initiation, potentially leading to a higher risk of falls.



Patients and methods


Study design and patient selection

This study represents a secondary analysis of data from a prospective study (Kung et al., 2023) where we evaluated patients meeting the clinical diagnostic criteria for idiopathic PD as defined by the International Parkinson and Movement Disorder Society (Hughes et al., 1992; Postuma et al., 2015; Heim et al., 2017). Participants were recruited from an outpatient clinic, with inclusion criteria including steady daily anti-Parkinsonian medication and Hoehn and Yahr stage 1–3 for independent walking. Exclusion criteria were advanced PD stage (≥4), cognitive impairment (Clinical Dementia Rating (CDR) more than or equal to 1), balance-affecting etiologies, and lower limb weakness and dependence on assistance for walking. The study obtained approval from the hospital’s Institutional Review Committee on Human Research (IRB 201901802B0).

Sample size determination was conducted using G*Power software version 3.1.9.2, developed by the Universität Düsseldorf, Germany (Kang, 2021). A predetermined level of significance, denoted by α = 0.05, was established alongside one-tailed statistical tests. In the pursuit of statistical power, a value of 1–β was set at 0.8, and the effect size was specified as 0.13, with five independent variables. Ultimately, the study included 110 participants. All participants provided written informed consent after receiving detailed verbal and written information about the study. To facilitate clinical comparisons, 30 healthy volunteers matched for age and sex were recruited for the control group.



Clinical assessment

Clinical evaluations, including assessments using rating scales, were conducted on patients in their off-medication states after at least 12 h of overnight fasting from dopaminergic medications. Data collected included patients’ age, disease duration, sex, body mass index (BMI), and levodopa equivalent daily dose (LEDD) (Tomlinson et al., 2010), along with a comprehensive medical history. The Unified Parkinson’s Disease Rating Scale (UPDRS) and Hoehn and Yahr stages were utilized to assess the clinical severity (Hoehn and Yahr, 1967; Martinez-Martin et al., 1994). Cognitive outcomes were assessed using the CDR scale, which measures functional capacity irrespective of physical disability. Additionally, the Cognitive Abilities Screening Instrument (CASI C-2.0), which includes 20 items across 9 domains, was used, with higher scores indicating better cognitive function (Chen et al., 2017). The Tinetti balance and gait scores were also used to assess fall risk in Individuals with PD, featuring a balance score from 0 to 16 points and a gait score from 0 to 12 points (Kerr et al., 2010).



Measurement of GI parameters obtained by the CoP trajectory

CoP displacement trajectories were obtained using a MatScan pressure mat (Tekscan Inc., Norwood, MA, USA) model 3,150. The CoP displacement trajectory for gait initiation (GI) was analyzed to differentiate between the postural adjustment phases (APA1, APA2a, and APA2b) and the locomotor phase (LOC) (Remelius et al., 2008; Delval et al., 2012).

In our study, we chose to start a step and then stop, rather than walking continuously at the preferred speed, due to economic and space constraints. At the beginning of each trial, participants were instructed to stand barefoot on the MatScan, pressure mat (Tekscan Inc., Norwood, MA, USA), adopting a relaxed stance with feet parallel and heels aligned to pelvic width, maintaining this fixed position for 30 s. Upon receiving the verbal command ‘GO,’ participants were directed to initiate the first step with the most affected leg (for individuals with Parkinson’s Disease) or the right leg (for healthy volunteers) (Russo and Vannozzi, 2021), followed by stepping with the opposite leg. After reaching the new position with both feet parallel to the floor, participants were instructed to maintain a steady standing posture until the verbal command ‘STOP’ was issued. Data acquisition of the CoP displacement commenced three seconds prior to the ‘GO’ command to ensure an adequate baseline observation window and concluded after the verbal command ‘STOP’ was issued. Each participant, both individuals with PD in their off-medication state and healthy volunteers, underwent three successive trials. The mean values from these three consecutive recordings were used for subsequent analysis. If FOG persisting beyond the standard testing duration in any trial, that data would be excluded from analysis or the test would be repeated to ensure accuracy.

The Ramer-Douglas-Peucker algorithm was employed to simplify the CoP displacement trajectories and identify turning points (Guedri et al., 2021; Figure 1). We calculated the duration, length, and velocity of the CoP trace during the APA1, APA2a, APA2b, and LOC phases. Professionals evaluated and, if necessary, adjusted the identified turning points. We also compared the duration, length, and velocity of the CoP traces in the anteroposterior and mediolateral directions between PD patients and healthy volunteers. Data acquisition and analysis were conducted using Python, ensuring rigorous statistical assessment.



Statistical analysis

The data were expressed as mean ± standard deviation (SD). Baseline continuous variables between two groups (Individuals with PD and healthy volunteers) were compared using an independent t-test. Correlation analysis was conducted to explore the relationship between parameters of CoP displacement in different sub-phases of GI and UPDRS total score on Tinetti balance and gait score. Additionally, a stepwise multiple linear regression analysis was conducted to evaluate the influence of independent variables on the dependent variable (Tinetti gait and balance score). Furthermore, due to the noteworthy correlation detected among explanatory variables derived from CoP trajectories in our investigation, the identification of independent risk factors was conducted utilizing the least absolute shrinkage and selection operator (LASSO) regression approach. Finally, a mediation analysis was performed based on the linear regression results to determine whether the mediating variable (APA duration) could explain the relationship between the independent variable (UPDRS total score) and the dependent variable (Tinetti gait and balance score) (Figure 2). In our investigation, the UPDRS total score is employed as a validated metric for quantifying clinical disease severity (Lai et al., 2022). Additionally, the Tinetti gait and balance assessment, integrating balance and gait scores, is utilized in clinical practice to assess fall risk in Parkinson’s patients (Kerr et al., 2010). The statistical significance threshold was set at 0.05 for all relevant paths (Wager et al., 2008), and IBM SPSS Statistics v23 software (IBM, Redmond, WA, USA) was used for all statistical analyses.
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FIGURE 2
 The diagram of the mediation hypothesis framework.





Results


Clinical characteristics of patients

A total of 110 individuals with PD (mean age, 68.4 ± 9.48 years) and 30 healthy volunteers (mean age, 67.5 ± 9.18 years) participated in this study. The baseline characteristics of all participants are presented in Table 1.



TABLE 1 Baseline characteristics of patients.
[image: Table displaying characteristics of 110 patients with Parkinson's disease. It includes average age, sex distribution, body mass index, disease duration, UPDRS scores (total, I to IV), Hoehn and Yahr staging, LEDD, and Tinetti balance and gait score. Averages and standard deviations for each parameter are provided. UPDRS refers to the Unified Parkinson's Disease Rating Scale, ADL to activity of daily living, and LEDD to levodopa equivalent dose.]



Parameters on CoP displacement between individuals with PD during off-state and healthy volunteers

FOG was observed in 18 out of 110 participants during the measurement of CoP trajectories. Specifically, FOG occurred in all three trials for 4 participants, in two out of three trials for 7 participants, and in one out of three trials for 7 participants. The Ramer-Douglas-Peucker algorithm successfully identified CoP displacement trajectories in 105 participants (95.5%), while the remaining 5 cases could not be identified due to FOG. Among the 105 participants with identified trajectories, 8 participants exhibited one identifiable CoP displacement trajectory across the three trials, 7 participants exhibited two identifiable trajectories, and 90 participants exhibited identifiable CoP displacement trajectories in all three trials. Similarly, the Douglas-Peucker algorithm proficiently identified CoP displacement trajectories in all 30 healthy volunteers (100% success rate). Among these volunteers, 4 participants displayed a solitary identifiable CoP displacement trajectory throughout the three trials, 4 participants showcased two discernible trajectories, and 22 participants demonstrated consistent identification of CoP displacement trajectories across all three trials. Table 2 shows the duration, length, and velocity of baseline APAs between two groups: individuals with PD during off-state, and healthy volunteers. Individuals with PD had longer APA2a, APA2b duration and LOC (s) (APA2a [s], p = 0.003, APA2b [s], p = 0.005, and LOC (s), p = 0.003), shorter APA1, APA2a and LOC length (APA1[cm], p < 0.0001, APA2a [cm], p < 0.0001, and LOC [cm], p = 0.014), and lower velocity in mediolateral (APA1 [X] [cm/s], p < 0.0001, APA2a [X] [cm/s], p = 0.001, APA2b [X] [cm/s], p = 0.002, and LOC [X] [cm/s], p < 0.0001) and anteroposterior directions (APA1 [Z] [cm/s], p = 0.001, APA2a [Z] [cm/s], p < 0.0001, and APA2b [Z] [cm/s], p = 0.009) compared to healthy volunteers.



TABLE 2 Parameters on CoP displacement in patients with Parkinson’s disease and healthy volunteers.
[image: A table compares anticipatory postural adjustments (APAs) between Parkinson's disease patients (n = 110) and healthy volunteers (n = 30). It includes APA duration, length, and velocity in mediolateral and anteroposterior directions. Significant differences are noted, with p-values indicating statistical significance. For APA duration, patients show shorter durations than volunteers, especially in APA2a and APA2b. APA length and velocity show variations between the groups, with significant differences primarily in mediolateral direction velocities. The p-values highlight specific areas of significant difference, particularly in APA lengths and velocities.]



Correlation analysis between gait initiation parameters on CoP displacement and the UPDRS total score on Tinetti balance and gait score

The present study utilized correlation analyses to examine the effects of GI parameters on CoP displacement in the off state, levodopa equivalent daily dose, UPDRS total score, disease duration and Tinetti balance and gait score (Table 3). Our findings reveal that Tinetti balance and gait score exhibited a negative correlation with UPDRS total score (r = −0.746, p < 0.0001), LEDD (r = −0.402, p < 0.0001), as well as with various APA and LOC parameters, including APA2a (s), APA2b (s), and LOC (s) (r = −0.448, p < 0.0001, r = −0.304, p = 0.002 and r = −0.402, p < 0.0001), APA1 (cm) in APAs length (cm) (r = 0.315, p = 0.001), APA1 (X) (cm/s), APA2a (X) (cm/s), APA2b (X) (cm/s) in APAs and LOC (X) (cm/s) velocity (cm/s) in the mediolateral direction (X) (r = 0.294, p = 0.003, r = 0.325, p = 0.001, r = 0.246, p = 0.013 and r = 0.37, p < 0.0001), as well as APA2a (Z) (cm/s) and APA2b (Z) (cm/s) in APAs velocity (cm/s) in the anteroposterior direction (Z) (r = 0.252, p = 0.011 and r = 0.335, p = 0.001).



TABLE 3 Correlation analysis between parameters on CoP displacement, levodopa equivalent daily dose, and UPDRS total score on Tinetti balance and gait score.
[image: Table showing Spearman correlation between Tinetti balance and gait score with various factors in Parkinson's Disease. Factors include age, disease duration, levodopa dose, and UPDRS score. Tinetti scores are correlated with anticipatory postural adjustments (APAs) parameters such as duration, length, and velocity in mediolateral and anteroposterior directions. Variables show correlation coefficients (r), p-values, and adjusted p-values for significance. UPDRS is Unified Parkinson's Disease Rating Scale.]



Significant clinical factors associated with Tinetti balance and gait score

A multiple linear regression analysis was performed to determine the significant variables influencing the augmented Tinetti balance and gait score in individuals with PD (Table 4). The regression model used the significant parameters from the correlation analysis in Table 3. The analysis revealed that UPDRS total score (β = −0.219, p < 0.0001) and APA2a (s) (β = −7.186, p = 0.024) were significant predictors of the Tinetti balance and gait score and all variance inflation factors (VIF) were < 5.



TABLE 4 Effects of the variables on Tinetti balance and gait score according to correlation analysis.
[image: A table showing a regression model with variables: Constant, UPDRS total score (off-state), and APA2a (s). It lists the regression coefficient, standard error, partial correlation, VIF, and p-value for each, with significant values noted. Additional footnote information on variables and model predictors is included.]



Mediation analysis of clinical disease severity, APA duration, and fall risk

The primary hypothesis of this analysis is to investigate the possibility of an indirect relationship between clinical disease severity (as the independent variable measured by UPDRS total score) and the risk of falling (as the dependent variable assessed by Tinetti balance and gait score) through the mediation of APA duration, while controlling for significant group main effects. A path model was used to test three effects: (a) UPDRS total score on mediator (APA duration), (b) mediator on dependent variable (Tinetti score) while accounting for APA duration, and (c) mediation effect. To simplify, we report a comprehensive list of the results from the present study that fulfill the three criteria mentioned above. All the mediation relationships were found to be statistically significant (p = 0.047, Sobel test) (Figure 2; Table 5).



TABLE 5 A simple mediation model of Clinical diseases severity (UPDRS total score [X]) on the Risk of falling (Tinetti balance and gait score [Y]) through APA Duration (APA2a (s) [M]) effort.
[image: Table displaying total, direct, and indirect effects between variables: UPDRS score, Tinetti balance, and APA2a. The total path coefficient is -0.279 with a p-value < 0.0001. The direct effect is -0.233. The indirect path consists of path a (effect of UPDRS on APA2a) with a coefficient of 0.005, and path b (effect of APA2a on Tinetti score) with a coefficient of -19.76, both significant with p-values < 0.0001.]




Discussion


Major findings

Our study’s findings are in line with our hypothesis and are consistent with existing literatures (Tard et al., 2013; Lira et al., 2020; Russo and Vannozzi, 2021), showing that individuals with PD with more severe symptoms exhibited higher UPDRS total scores, extended APA duration, and reduced Tinetti balance and gait scores. Our results highlight the relationship between UPDRS total score, APA duration, and the risk of falls in individuals with PD.



The pathogenesis of APAs in gait initiation difficulties and its correlation with PD severity

APAs have been thoroughly investigated in individuals with PD due to their pronounced balance deficits, challenges with gait, and high incidence of falls (Mirelman et al., 2019; Russo et al., 2022). Research by Jacobs et al. highlights the pivotal role of the supplementary motor area (SMA) in motor control within this context. Their study, employing repetitive transcranial magnetic stimulation to selectively disrupt SMA function, demonstrated that such disruption leads to significant changes in the amplitude and duration of APAs in individuals with PD, as compared with control subjects (Jacobs et al., 2009). Furthermore, Chastain et al. showed that stimulation of the subthalamic nucleus (STN) improves both anteroposterior and vertical parameters of gait initiation, suggesting that gait initiation, which likely reflects postural control during gait, is more dependent on the activity of the basal ganglia, especially the STN, rather than directly on the brain’s dopaminergic systems (Chastan et al., 2009). Additionally, Lencioni et al. found that APA parameters, when assessed using the MDS-UPDRS III score, were strongly correlated with the severity of PD, particularly impacting balance stability and gait (Lencioni et al., 2022). These findings enhance our understanding of how different brain regions, particularly the SMA and STN, contribute to APA in GI for Individuals with PD, underlining the complex interactions that regulate motor functions and postural stability.



The significance of APA2 subphase relative to APA1 in PD with implications for falls risk

Individuals with PD is associated with increased duration of APAs, and decreased length and velocity of APAs in the mediolateral (X) and anteroposterior (Z) directions, which may explain difficulties in GI (Jacobs et al., 2009; Mancini et al., 2009). In a prior investigation (Remelius et al., 2008), it was observed that longer durations in GI predominantly stemmed from extended durations in APA2 and double support phases with relatively shorter durations in APA1 in multiple sclerosis participants. In the other study (Cau et al., 2014), it was discovered that obese participants exhibited heightened medio-lateral movement, resulting in statistically significant increments in both the length and duration of their APA2a phase. Evaluating the coordination and interplay between APA2 and APA1 in individuals with PD can offer critical insights into gait impairments, balance deficits, and the risk of falls. The recent extensive cohort study on PD (De Waele et al., 2024) revealed that individuals with PD experience prolonged GI time after a verbal cue and exhibit increased durations of APA1 and APA2a compared to healthy controls. The extended duration of APA2a implies diminished control during GI, consequently elevating the risk of falls.



Rationale for the preference of APA duration as a mediating variable over APA amplitude

The assessment of APAs involves two primary metrics: amplitude and duration. The amplitude of APAs can be computed by assessing the displacement of the CoP in both the anteroposterior (AP) and mediolateral (ML) directions during the preparatory phase of GI (Huang and Brown, 2013). APA duration, measured from CoP displacement onset to reaching movement initiation, signifies the temporal extent of muscular adjustments preceding movement. This parameter is critical for detecting coordination deficits, especially in neurological conditions where prolonged APA durations may indicate compromised neuromuscular coordination and increased fall risk during GI (e.g., FOG). Studies, including those exploring interventions like repetitive transcranial magnetic stimulation in individuals with PD, suggest that changes in APA duration may exhibit greater sensitivity to intervention effects compared to APA amplitude (Jacobs et al., 2009). In summary of the preceding discussion, the duration of APA2a could potentially serve as a critical parameter within the APA stage, exerting a pivotal influence on the genesis of fall risk.



Identification of candidate variables for mediation analysis: a regression-based approach

Given the notable correlation observed among CoP-based explanatory variables, our approach was to exclusively incorporate variables showing significant correlations with Tinetti balance and gait scores, as detailed in Table 3, into our stepwise multiple linear regression analysis models. Employing stepwise procedures and evaluating collinearity statistics, our statistical analysis revealed robust associations between the UPDRS total score and APA2 duration with Tinetti balance and gait scores. It is noteworthy that all VIF remained below the threshold of 5. These VIF values, falling within the range of 1 to 5, indicate a moderate level of correlation, thereby not necessitating corrective interventions. In the conclusive stepwise linear regression analysis, it was observed that solely APA2a (s) and UPDRS total score emerged as statistically significant predictors of the Tinetti balance and gait score. Moreover, the predictive factors were subjected to LASSO regression analysis, renowned for its efficacy in addressing multicollinearity challenges inherent in variable sets. Consequently, two variables exhibiting discernible non-zero coefficients were ascertained, specifically APA2a (s) and UPDRS total score, thus emerging as potential predictors. Following this identification, APA2a duration (s), UPDRS total score, and Tinetti balance and gait scores were delineated and subsequently selected as candidate variables for mediation analysis.



Rehabilitation programs focusing on anticipatory postural adjustments (APA2a)

APA2 involves a lateral shift of the CoP toward the stance foot from unloading to toe-off, facilitated by hip movements. APA2a starts immediately after the swing leg’s heel-off, ensuring smooth step progression. Rehabilitation programs focusing on APA2a are crucial for improving gait and mobility in PD. Key components include postural control exercises for core stability and balance, gait training to enhance posture and weight transfer, coordination drills for motor planning, and feedback to increase APA2a awareness (Domingos et al., 2018). These elements improve postural control, gait function, and overall mobility, reducing fall risk and enhancing functional outcomes for individuals with PD.



Clinical implications and outline future research priorities

A notable strength of our study is the validation of APA2 duration as a mediator in the causal mechanisms linking clinical disease severity and fall risk in PD, using CoP displacement trajectories during GI. The duration of APA2a may serve as a crucial parameter within the APA stage, significantly influencing the development of fall risk. Future longitudinal studies are essential to track changes in APA characteristics over time and to correlate these changes with the progression of PD. Such studies will help determine whether APA changes can predict worsening motor symptoms and increased risk of falls, thereby providing potential biomarkers for disease progression. Additionally, exploring how different pharmacological treatments for PD affect APA and their efficacy in reducing fall risk could further elucidate the pathophysiological interactions between PD pharmacological effects and motor control. Moreover, nonpharmacological approaches, including customized physical therapy regimens focused on enhancing motor control during GI and alternative therapies, show promise in improving balance and motor function in PD. Neurostimulation techniques, particularly those targeting the function of brain regions involved in APA regulation like the SMA and STN, should also be considered. These approaches could provide comprehensive insights into the symptoms of the disease and lead to more effective treatments for PD.




Limitations

Our study identifies five limitations. The first concerns our methodology related to the lateral displacement of CoP. Although participants were instructed to adopt a standardized stance with heels aligned to pelvic width, we did not normalize the lateral displacement of the CoP for stance width variations. This oversight may affect the interpretation of APAs and their correlation with balance control. Future studies should consider standardizing or normalizing stance width to ensure more precise APA assessments. Secondly, by excluding individuals with advanced PD or mild-to-moderate dementia, our study is limited in its ability to evaluate the impact of CoP displacement measurements on a broader spectrum of individuals with PD, particularly those at higher risk of falls. Thirdly, our results provide only background neurological status, and we did not record our patients during the on-medication state. Fourthly, the margin of stability (MoS), a critical metric for assessing dynamic gait stability, was not measured in our study. MoS, calculated by analyzing the difference between the base of support (BoS) and extrapolated center of mass (XcoM), with positive values indicating stability (XcoM within BoS) and negative values suggesting instability (XcoM outside BoS), provides essential insights into balance control. Although not included in our current research, incorporating MoS in future studies could significantly enhance our understanding of gait stability, especially in individuals with compromised stability. Fifthly, the presence of FOG is recognized as a significant predictor of fall risk, which can complicate evaluations of clinical disease severity. Lastly, we employed the Ramer-Douglas-Peucker algorithm for identifying APA phases, which is generally more robust than other methods. This algorithm detects turning points in CoP displacement trajectories, enabling the identification of APA components. If APA components are not initially produced, the algorithm cannot detect them and may misinterpret the trajectories. To mitigate this, future work will include collecting data from an outpatient clinic and developing app-embedded CoP trajectory tools to assist clinicians in decision-making.



Conclusion

Our study underscores the critical role of APA2a duration as a mediator in the relationship between the severity of clinical disease and the risk of falls in individuals with PD. Continuous monitoring of APA measures, especially during the APA2a subphase, could form the foundation for developing targeted pharmacological and rehabilitation interventions. These interventions aim to reduce fall risk by addressing prolonged APA2a durations, as demonstrated by the outcomes of our research.
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Background: Observational studies have shown that oxidative stress (OS) is associated with Parkinson’s disease (PD). However, whether such observations reflect cause–effect remains largely unknown. To test this, we performed a two-sample bidirectional Mendelian randomization (MR) analysis to investigate the causal-effects between OS biomarkers and PD.
Methods: We selected summary statistics data for single-nucleotide polymorphisms (SNPs) associated with catalase (n = 13), glutathione peroxidases (n = 12), superoxide dismutase (n = 13), vitamin A (n = 7), vitamin C (n = 10), vitamin E (n = 12), vitamin B12 (n = 8), folate (n = 14), copper (n = 6), Zinc (n = 7), and iron (n = 23) levels, and the corresponding data for PD from the International Parkinson Disease Genomics Consortium (IPDGC, 33,674 cases and 449,056 controls). Inverse-variance weighted (IVW) MR analyses were conducted to estimate associations of OS with PD. Reverse MR analysis was further performed to predict the causal effects of PD on the above OS biomarkers.
Results: As for PD, the IVW method suggested that the Zinc (Zn) levels was significantly associated with PD (OR = 1.107, 95% CI 1.013–1.211; p = 0.025), which is consistent with results from the weighted median analyses. Moreover, the results remained consistent and robust in the sensitivity analysis. However, there were no significant associations of catalase, glutathione peroxidases, superoxide dismutase, vitamin A, vitamin C, vitamin E, vitamin B12, folate, copper, or iron with PD. As for OS, our reverse MR analysis also did not support a causal effect of liability to PD on OS.
Conclusion: The MR study supported the causal effect of Zn on PD. These findings may inform prevention strategies and interventions directed toward OS and PD.

Keywords
 Parkinson’s disease; oxidative stress; Mendelian randomization study; causal relationship; zinc


1 Introduction

Parkinson’s disease (PD), the most common neurodegenerative disease worldwide, is characterized by a progressive loss of substantia nigra (SN) dopaminergic neurons and accumulation of α-synuclein in the SN (Poewe et al., 2017). The main clinical manifestations of PD are motor symptoms (i.e., resting tremor, bradykinesia, rigidity, and postural instability) and nonmotor symptoms (i.e., depression, constipation, olfactory deficits, and cognitive impairment), which seriously affect the quality of life of patients and the economic burden of their family (Kalia and Lang, 2015). At present, the etiology and mechanism of PD remain elusive (Kalia and Lang, 2015). Consequently, the treatment for PD is primarily symptomatic, focusing on alleviating symptoms rather than slowing or halting disease progression (Bloem et al., 2021). Notably, with the discovery and studies of PD-related pathogenic genes (Blauwendraat et al., 2020), i.e., SNCA, PARKIN, PINK1, LRRK2, and DJ-1…, it has been revealed that oxidative stress (OS) is considered a key modulator in the occurrence and development of PD (Maiti et al., 2017). Mechanistically, OS refers to the overproduction of reactive oxygen species (ROS) and insufficient endogenous antioxidants, ultimately leading to cell dysfunction and death (Khan and Ali, 2018).

Substantial observational and experimental studies suggest that altered OS homeostasis may be involved in the etiology and pathogenesis of PD (Puspita et al., 2017; Chang and Chen, 2020; Jimenez-Moreno and Lane, 2020). It has been established that low levels of antioxidants, incapable of controlling ROS production, lead to neurodegeneration in PD (Medeiros et al., 2016). Oxidized lipids, proteins, and DNA can be seen in the substantia nigra of PD patients, which are all evidence of OS involvement (Abdelhamid and Nagano, 2023). LRRK2 mutant IPSC-derived DA neurons showed increased expression of genes involved in OS regulation and increased susceptibility to OS (Nguyen et al., 2011). Notably, studies have found that the concentration of oxidized proteins in the SN of healthy individuals is twice that of the caudate nucleus, putamen nucleus, and frontal cortex, suggesting a susceptibility of the SN to OS (Floor and Wetzel, 1998). These results suggest that OS plays an important role in PD.

Therefore, it is speculated that antioxidant treatment to regulate OS may be a strategy to treat PD. Although many antioxidants, such as vitamin E, vitamin C, and desferrioxamine, have been tested in clinical trials, none of them have been convincingly shown to improve neurodegeneration in PD patients (Fahn, 1992; Group, 1993, 1998; Devos et al., 2014). OS can be measured by the biomarkers of OS. Natural antioxidants are a very large diversified family of molecules classified by activity (enzymatic or nonenzymatic), and chemical structure (e.g., vitamins, trace elements, etc.). Catalase (CAT), glutathione peroxidases (GPx), superoxide dismutase (SOD), vitamin A, vitamin C, vitamin E, vitamin B12, folate, copper (Cu), zinc (Zn), and iron (Fe) are important antioxidants in the body. Impairments in antioxidant enzymes or non-enzymatic antioxidant networks, along with imbalance of redox-active metals, can induce the formation of toxic hydroxyl radicals and increase OS, leading to protein oxidation, misfolding, and ultimately cell death in PD (Umeno et al., 2017; Ben-Shushan and Miller, 2021). Furthermore, studies have also proven that many of the abovementioned antioxidants are altered in PD patients (Pichler et al., 2013; Medeiros et al., 2016; Anandhan et al., 2017), but not all studies agree with this view (Vinish et al., 2011). Moreover, it remains controversial as to whether such an OS injury is a cause or a downstream effect of PD. Observational research faces challenges in establishing causality regarding the causal relationship between OS and PD.

Mendelian randomization (MR) overcomes such confounders of observational studies by using genetic variants (SNPs) as instrumental variables (IVs) to infer the causal effect of an exposure on an outcome. MR can also reduce bias from reverse causation, because genetic phenotypes are postnatally unchanged through a lifetime. Therefore, in this study, we aimed to assess the bidirectional causal relationship between PD and OS. Understanding the role of OS in PD can lead to the development of targeted therapies aimed at mitigating its impact and potentially slowing down the progression of the disease.



2 Methods


2.1 Study design

In this study, the bidirectional causal relationship between OS-related biomarkers and the risk of PD was explored using a bidirectional MR design. In the present research, we only extracted summarized data from the consortia. Ethical approval was not required because the study was based on existing publications and public databases. Figure 1 presents the MR analysis flow using the TwoSampleMR R package. To distinguish between a true negative result and a lack of validity of the MR studies, multiple sensitivity analyses were applied to ensure that the three MR assumptions were satisfied: (1) Relevance: The chosen genetic variants are associated with the exposure of interest. (2) Independence: The genetic variants are independent of confounding factors that might influence the exposure-outcome relationship. (3) Exclusivity: The genetic variants affect the outcome solely through their influence on the exposure, not through any alternative pathways.

[image: Flowchart depicting the relationships and assumptions in a Mendelian Randomization (MR) analysis framework. There are instrumental variables represented by SNPs, affecting oxidative stress biomarkers and Parkinson's disease, with assumptions for relevance, independence, and exclusivity marked. Confounders are considered, and methods such as IVW, WM, and MR-Egger are listed for MR analyses. Sensitivity, heterogeneity, and pleiotropy analyses are noted, emphasizing inverse variance weighted, Egger-intercept, MR-PRESSO global test, and leave-one-out analysis. Arrows and symbols indicate relationships and constraints.]

FIGURE 1
 The overall flow chart of bidirectional MR study. The “[image: A red prohibition symbol, featuring a red circle with a diagonal line running from the upper left to the lower right.]” means that genetic variants are not associated with confounders or cannot be directly involved in outcome but via the exposure pathway.




2.2 GWAS data sources

We retrieved the genetic data of PD and OS biomarkers from the online platform of the Integrative Epidemiology Unit (IEU) open genome-wide association study (GWAS) project (https://gwas.mrcieu.ac.uk/, accessed on 20 March 2023). In this study, 11 biomarkers of OS were included, namely, CAT (Sun et al., 2018), G-Px (Sun et al., 2018), SOD (Sun et al., 2018), vitamin A (data were from the United Kingdom Biobank), vitamin C (Shin et al., 2014), vitamin E (data was from the United Kingdom Biobank), vitamin B12 (data were from the United Kingdom Biobank), folate (data were from the United Kingdom Biobank), Cu (Evans et al., 2013), Zn (Evans et al., 2013), and Fe (data were from the United Kingdom Biobank and Benyamin et al., 2014). The summary data of PD were obtained from a GWAS including 33,674 PD cases and 449,056 controls of the International Parkinson Disease Genomics Consortium (IPDGC) (Nalls et al., 2019). As mentioned, only the European population summarized data were adopted to avoid population heterogeneity. All datasets are publicly available online upon request. Detailed information on the GWAS datasets is described in Table 1.



TABLE 1 Detailed information regarding studies and datasets used in the present study.
[image: Table detailing genetic studies related to oxidative stress, vitamins, minerals, and Parkinson's disease, including columns for exposure or outcome, ancestry (European), number of participants, web sources accessed on March 20, 2023, PMID, journal, and reference. Key studies cite authors like Sun et al., Shin et al., Evans et al., Benyamin et al., and Nalls et al. Most studies involve European participants with varying sample sizes, focusing on elements like Catalase, Vitamin A, and Parkinson's disease, referenced by various journals.]



2.3 Mendelian randomization


2.3.1 Selection of IVs

We used the default settings in the R package TwoSampleMR, and extracted SNPs showing a significant association with each of the OS biomarkers at the conventional GWAS threshold (p < 5 × 10−6) for lack of significant SNPs. Similarly, IVs of PD were genome-wide significant SNPs (p < 5 × 10−8). To ensure the independence of IVs, all SNPs were clumped with a 10,000-kB window to a threshold of r2 < 0.001 to ascertain independence between genetic variants. Then, the proportion of variance of the exposures explained by the SNPs (R2) and F-statistics were calculated to estimate the strength of IVs to satisfy the first MR assumption (F > 10 for MR analyses; Palmer et al., 2011). The same approach was taken for the reverse MR; as such, we performed 22 bidirectional MR studies, where OS biomarkers and PD were regarded either as exposure or as the outcome.



2.3.2 Mendelian randomization analyses

After clumping IVs, we first performed Steiger filtering to exclude SNPs explaining more variance in the outcome than in the exposure. Next, we harmonized the exposure and outcome data to produce data for MR analysis. In the main analysis, the inverse-variance weighted (IVW) method with random–effects was applied to combine the effect of different IVs. The IVW method is a widely used approach in MR because it provides a straightforward and interpretable summary estimate of the causal effect while leveraging genetic information. The odds ratio (OR) and 95% confidence intervals (CIs) were calculated for each SNP using IVW to assess the risk of exposure to outcome. In addition, we also performed the simple median method, weighted median (WM) method and MR–Egger regression method. The WM method is a median of the weighted estimates and provides a consistent effect even if 50% of IVs are pleiotropic. This means that even if a substantial proportion (up to 50%) of the IVs used in the analysis are pleiotropic, the WM method can still provide consistent and unbiased causal effect estimates. The MR–Egger regression method is used to detect possible violations of instrumental variable assumptions due to directional pleiotropy. It does this by allowing for an intercept term in the regression model, which accounts for any bias introduced by pleiotropic effects. Additionally, the Mendelian Randomization Pleiotropy RESidual Sum and Outlier (MRPRESSO) global test is used to detect outlier SNPs that may be biasing estimates through horizontal pleiotropy (i.e., SNPs with p < 0.05) and adjust for these. For heterogeneity, we applied Cochran’s Q statistic in the inverse variance weighting (IVW) and MR Egger regression methods. Finally, a leave-one-out analysis (LOO) was performed to detect whether any single SNP was disproportionately responsible for the result of each MR study. The results of the present study are shown as ORs (95% CIs) per genetically predicted increase in each lifestyle factor. For result visualization, we constructed scatter plots, forest diagrams, and funnel diagrams using the TwoSampleMR package and MRPRESSO package in the statistical program R. A p value less than 0.05 was considered statistically significant evidence of a causal association.





3 Results


3.1 Instrumental variables for Mendelian randomization

The number of IVs and the phenotypic variances they accounted for by the IVs are shown in Table 2. All of the variables were associated with OS at genome-wide significance. The variance in the exposures explained by their respective set of SNPs ranged from 0.2 to 20.1% (Tables 2, 3). Other than vitamin C, all instruments had an F-statistics of >21, which is above the standard cut-of (> 10) indicating sufficient instrumental strength (Bowden et al., 2018; Burgess et al., 2019).



TABLE 2 Results of the MR analyses between liability to oxidative stress and the PD risk.
[image: A table summarizing various exposures with statistical measures such as the number of SNPs, r-squared, F-statistics, and results from inverse variance weighted, weighted median, and MR Egger analyses. Each exposure (e.g., CAT, G-Px, SOD, vitamins, folate, copper, zinc, iron) is evaluated with odds ratios (OR), confidence intervals (CI), and p-values. Data sources are noted as GWAS datasets with specific links for reference.]



TABLE 3 Associations between genetically predicted PD and oxidative stress biomarkers.
[image: A table presents data from a genetic study, detailing outcomes for various antioxidants and nutrients (e.g., CAT, G-Px, Vit. A, etc.) with columns for the number of SNPs, \( r^2 \), F-statistics, and statistical methods (Inverse variance weighted, Weighted median, MR Egger) each with OR, CI, and p-values. Additional details include data sources and definitions for abbreviations.]



3.2 Causal effect of oxidative stress biomarkers on PD

We investigated the association of OS with PD. The IVW method provided the results about the causal relationship between PD and 11 oxidative stress biomarkers. Figure 2 presents the forest plots of the associations between Zn and PD. The IVW method shows that genetically determined Zn was strongly associated with PD (OR = 1.107, 95% CI 1.013–1.211; p = 0.025), which is consistent with results from the WM method (OR = 1.136, 95% CI 1.003–1.286; p = 0.044) (Table 2; Figure 2). However, there were no significant associations of catalase, glutathione peroxidases, superoxide dismutase, vitamin A, vitamin C, vitamin E, vitamin B12, folate, copper, or iron with PD (Table 2).

[image: Chart A shows a forest plot of Mendelian randomization (MR) methods, comparing odds ratios (OR) and 95% confidence intervals (CI) for various methods like MR Egger and weighted median. Chart B presents a scatter plot of SNP effects on Zn versus Parkinson's disease, with different MR tests indicated by colored lines. Chart C displays a leave-one-out sensitivity analysis for SNPs affecting Zn on Parkinson's disease, listing individual SNPs and the overall effect.]

FIGURE 2
 MR plots for the relationship of Zinc (N = 2,603) with PD (N = 482,730). (A) Forest plot of individual and combined SNP MR-estimated effect sizes. The effect estimates represent the odds that each S.D. increase in PD incidence increases odds of appendicular lean mass, and the error bars represent 95% CIs. (B) Scatter plot of SNP effects on Zinc vs. PD, with the slope of each line corresponding to the estimated MR effect per method. The x-axis represents the genetic association with Zinc risk; the y-axis represents the genetic association with the risk of PD. The data are expressed as raw β values with 95% Cis. (C) Leave one out plot, which detect outlier SNPs in Zinc and PD.




3.3 Sensitivity analysis

No heterogeneity was detected by MR–Egger and IVW tests (Supplementary Table S1). Additionally, no evidence of between-SNP directional and horizontal pleiotropy was detected by the MR-PRESSO global test and MR–Egger regression (Supplementary Table S1). We further performed a leave-one-out analysis to detect whether the causal estimate was driven by any single SNP, which revealed a consistent inverse association between genetically predicted Zn levels and the risk of PD (Figure 2C).



3.4 Causal effect of PD on oxidative stress biomarkers

Additionally, reverse MR analysis was conducted to investigate the potential causal effects of PD on 11 OS biomarkers. In these studies, we used 10–22 PD-associated SNPs, which explained 0.075–0.201 of the variances in PD risk and had an F-statistic of more than 3,650. The IVW test results showed no statistically significant associations of PD with OS. The null findings were supported by other MR methods (Table 3). The Egger intercept did not identify any pleiotropic SNP (p of Egger intercept from 0.327 to 0.930). Moreover, the MR-PRESSO global test did not identify outlier SNPs. Significant heterogeneity was apparent in our IVs for PD (only when Vitamin E and Vitamin B12 is the outcome) (IVW and MR Egger, Q pvalue < 0.1) (Supplementary Table S2). Similarly, there was no apparent sign of significant heterogeneity as assessed by leave-one-out analysis.




4 Discussion

This study represents the inaugural bidirectional investigation into the potential involvement of OS in PD. Our research delves into the causal connections between 11 OS biomarkers and the risk of PD, offering fresh perspectives on the correlation between OS status and PD. Notably, among the 11 OS biomarkers studied, we discovered genetic evidence supporting the causal link between Zn and PD. Our findings exhibited considerable robustness across various MR methods, each built upon different assumptions regarding horizontal pleiotropy. These findings may inform prevention strategies and interventions directed toward OS and PD.

Although many observational studies have highlighted the link between OS and PD, there have been few relevant MR studies. These MR studies usually focus on iron. Only one one-way MR study that examined causality between serum iron levels and PD suggested a causal relationship between elevated iron levels (instrumental variables, HFE rs1800562, HFE rs1799945, and TMPRSS6 rs855791) and a reduced risk of PD (OR 0.88, 95% CI 0.82–0.95; p = 0.001; Pichler et al., 2013). However, in our study, we did not find a causal relationship between iron levels and PD.

For other trace elements, suggestive causal associations were found between Zn and PD risk in this work (OR = 1.107, CI = 1.013–1.211, p = 0.025). In our previous study, they showed that alterations in zinc homeostasis have long been implicated in PD. Zinc exposure has been identified as an environmental risk factor for PD, and PD patients were clearly shown to have higher zinc exposure than those without PD (OR = 11.6, 95% CI: 1.51–90.90) (Pals et al., 2003). In addition, postmortem of idiopathic PD patients and PD mouse models showed Zn2+ depositions in dopaminergic neurons (Wang et al., 2023). Zn2+ chelation attenuated the loss of nigrostriatal dopaminergic neurons and the associated motor deficits induced by 6-OHDA or paraquat. The evidence suggests that endogenous Zn2+ plays a key role in the pathophysiology of PD. Zinc homeostasis (balance) is important for OS. On the one hand, Zn2+ can influence the activity of antioxidant enzymes and signaling pathways. On the other hand, overload of intracellular Zn2+ can lead to OS (Sikora and Ouagazzal, 2021). However, previous studies have found that lower serum and plasma zinc levels are associated with a higher risk of PD (Finkelstein et al., 2013; Du et al., 2017), which contradicts our findings. This discrepancy may stem from differences in study design and population sample sizes. Our study utilizes a robust genetic approach, distinct from the observational and experimental designs employed in other research. Genetic evidence offers a more direct assessment of causal relationships, thereby reducing potential confounding factors and biases. Additionally, variations in the populations studied, including differences in genetic backgrounds, environmental exposures, and dietary habits, might influence the results. Further research is needed to elucidate the specific mechanisms by which Zn affects PD and to identify potential therapeutic targets for intervention. Cu2+ is another common redox-active metal in addition to Zn and iron, but in this study, the causal effect of Cu2+ on PD was not significant. Redox-active metals are common cofactors that promote amyloid aggregation in neurodegenerative diseases, such as PD (Ben-Shushan and Miller, 2021). Overall, we speculate that redox-active metals do not entirely mediate the occurrence of PD through OS.

Enzymatic antioxidants, such as GPx, CAT, and SOD, are a critical component of the body’s defense mechanisms against OS (Emamzadeh and Surguchov, 2018). It could inhibit the formation of peroxide and remove free radicals. These enzymatic antioxidants work in concert to maintain the delicate balance between ROS production and neutralization, helping to prevent oxidative damage and maintain cellular health. Studies found that there were lower levels of antioxidant activity of SOD, CAT, and GPx in the PD group compared to controls (Khan and Ali, 2018; Duarte-Jurado et al., 2021). For example, decreased levels of GPx in the substantia nigra pars compacta (SNpc) are one of the earliest biochemical changes observed in PD (Pearce et al., 1997; Tobón-Velasco et al., 2010; Smeyne and Smeyne, 2013). GPx is an important antioxidant enzyme that helps protect cells from oxidative stress by neutralizing harmful ROS and peroxides. One of the biochemical alterations that has been detected in the postmortem brains of PD patients is the selective GPx reduction in the SNpc. In vivo and in vitro experiments have shown that replenishing intracellular GPx levels can prevent oxidative damage and maintain mitochondrial function in dopaminergic cells (Smeyne and Smeyne, 2013; Duarte-Jurado et al., 2021). However, these findings cannot resolve the previous debate on whether these enzymatic antioxidants are the cause of PD or a consequence of it. To date, there are no other MR studies that have assessed the causal association of enzymatic antioxidants and PD risk. In our MR study, it appeared likely that there is no causality between enzymatic antioxidants and PD risk.

Several studies have identified an association of nonenzymatic antioxidants, vitamins (vitamin A, E, C, B12, and folate) with PD (Hughes et al., 2016). Low plasma levels of exogenous antioxidants (including vitamin C) have been reported in patients with neurodegenerative diseases such as PD. In addition, a higher prevalence of PD with subclinical vitamin C deficiencies has also been reported (Duarte-Jurado et al., 2021). It has been found that vitamin E protects dopaminergic neurons against MPTP-mediated toxicity. A cross-sectional study reported that vitamin E status was inversely associated with PD risk (Miyake et al., 2011). However, our results do not support the hypothesis that vitamins substantially affect the risk of PD, which is in line with other case–control studies (Logroscino et al., 1996; Scheider et al., 1997; Powers et al., 2003). Furthermore, when antioxidant vitamins were tested in clinical trials, their effects were not reproduced. A prospective cohort study found that the intake of antioxidant vitamins does not reduce the risk of PD (Hughes et al., 2016). Our updated results suggest that causality causation is unlikely. Therefore, these results support the hypothesis that antioxidant supplementation is unlikely to be of clinical benefit in the prevention of PD. It is important to note that our null findings do not invalidate the role of oxidative stress in PD. Larger epidemiological studies and directed laboratory studies are needed to determine the biochemical and chemical biological bases for these associations.

The advantages of the present study include the following aspects. First, 11 OS biomarkers were included, which made it the most comprehensive MR study between PD and the OS system. Second, we used several essential methods to verify the accuracy of the results, such as calculating the F statistic and power, and conducting heterogeneity and pleiotropy tests. There were some limitations as well. First, in order to extract more SNPs showing a significant association with OS biomarkers to maintain the study power in MR, the threshold of the p value was set as p < 5 × 10−6, meaning that the proportion of variance explained for the associations between some IVs and OS biomarkers was relatively small. Additionally, this is a European based study, and our findings cannot be generalized to other populations.



5 Conclusion

In conclusion, this study used large exposure and outcome GWASs to conduct MR analysis to infer a causal relationship between OS and PD. We found robust genetic evidence for an association between Zn levels and higher PD risk, and the other antioxidants do not affect the risk of PD. This finding contrasts with preclinical studies, where antioxidants play a significant role in maintaining neuronal survival and activity in PD models (Duarte-Jurado et al., 2021). However, such effects have not been observed in clinical trials, as antioxidants have failed to modify the disease in terms of clinical symptoms or the onset of PD (Logroscino et al., 1996). This has given rise to the hypothesis that circulating antioxidant levels might not be representative of antioxidant capacity, and that increasing the levels of antioxidant in blood (either by nutritional intake or supplements) does not necessarily result in additional antioxidative effects. Our study offers novel insights into the complex interplay between antioxidant status and PD.
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Background: The overlapping clinical manifestations in parkinsonian variant of multiple system atrophy (MSA-P) and Parkinson’s Disease (PD) can complicate clinical diagnostic accuracy, particularly in the early stage. The study aims to uncover the patterns of brain function in the initial phase of the two conditions.
Methods: We recruited 24 MSA-P patients, 34 PD patients and 27 healthy controls (HC). Voxel-wise fractional amplitude of low-frequency fluctuation (fALFF) was compared to characterize regional brain function, followed by seed-based functional connectivity (FC) analysis. Receiver operating characteristic (ROC) analyses were used to examine the diagnostic accuracy of fALFF.
Results: Compared to HC, decreased fALFF was observed in the bilateral basal ganglia (BG) of MSA-P patients, while decreased fALFF was identified in the left BG of PD patients. Additionally, elevated fALFF was found in the superior cerebellum for MSA-P patients and the temporo-occipital cortex for PD patients. Furthermore, PD patients exhibited increased FC in the cortico-striatal loop compared to MSA-P patients. The fALFF of the left caudate distinguished MSA-P from HC with an area under the curve (AUC) of 0.838 (p < 0.001) and from PD with an AUC of 0.772 (p < 0.001). The fALFF of the left putamen distinguished PD from HC with an AUC of 0.736 (p = 0.002).
Conclusion: Our findings indicated common and distinct abnormalities in spontaneous brain activity within BG, cerebellum, and cortices in early-stage MSA-P and PD patients. PD patients employed more compensatory mechanisms than MSA-P patients. Furthermore, fALFF may aid in early differentiation between MSA-P and PD.
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 multiple system atrophy; Parkinson’s disease; early-stage; resting-state functional magnetic resonance imaging; fractional amplitude of low-frequency fluctuation


Introduction

Parkinson disease (PD) is the second-most common neurodegenerative disorder, primarily characterized by movement symptoms, accompanied by a range of non-motor features, such as sleep disorders, depression, cognitive impairment, and autonomic dysfunction (Poewe et al., 2017). With the global population aging, there is an anticipated increase in the societal and economic burden associated with the disease (Ben-Shlomo et al., 2024). The pathological features of PD include the degeneration of dopaminergic neurons in the nigrostriatal pathway and the formation of intracellular inclusion bodies containing aggregated misfolded α-synuclein protein (Haider et al., 2023), known as α-synucleinopathy. Multiple system atrophy (MSA), as another α-synucleinopathy, is a rare neurodegenerative disease manifesting with a combination of autonomic failure, parkinsonism or ataxia, and characterized by oligodendroglial cytoplasmic inclusions containing abnormally aggregated α-synuclein (Poewe et al., 2022). Patients with MSA displaying predominant parkinsonism symptoms and cerebellar syndrome are classified as the MSA-P subtype and MSA-C subtype, respectively (Wenning et al., 2022). However, compared to patients with PD, MSA-P patients often exhibit poor levodopa responsive parkinsonism, a more aggressive course, and severer disability. Due to phenotypic similarities and the lack of definitive tests or biomarkers in the early stage, the clinical diagnostic accuracy of PD and MSA-P remains challenging, leading to delays or even the absence of precise patient identification and intervention (Tolosa et al., 2021; Wenning et al., 2022). Therefore, it is imperative to identify effective biomarkers for differentiation at an early stage.

Various imaging modalities can evaluate patterns of brain function activities (Wise, 2013), and were widely employed in identifying neurodegenerative diseases, depicting disease trajectories, and providing insights into underlying mechanisms (Young et al., 2024). Among them, resting-state functional magnetic resonance imaging (rs-fMRI), achieved by tracking fluctuations in local blood oxygen-level dependent signals, stands out as a non-invasive and accessible technique, gradually demonstrating significant value in the diagnosis and treatment of neurodegenerative disorders (Perovnik et al., 2023). Most fMRI studies concentrated on correlations between different brain regions or networks in terms of functional connectivity (FC), without directly revealing the amplitude of brain activity in each region. For instance, several studies investigating both motor and non-motor symptoms in PD patients employed the seed-based approach, according to the pathological mechanisms of PD, focusing on the disturbance in FC associated with the striatum (putamen and caudate nucleus) (Cerasa et al., 2016). Patients with PD often displayed disrupted FC between these seeds and various subcortical and cortical regions (Wu et al., 2015). However, the assessment of changes in FC between specific areas yielded inconsistent results due to variations in disease duration, medication status, subtypes and sample sizes of PD patients across studies. As a supplement, the amplitude of low-frequency fluctuation (ALFF) of the rs-fMRI signal was proposed to assess the intensity of regional spontaneous brain activity. The fractional ALFF (fALFF) method was further introduced to enhance sensitivity and specificity in identifying these activities compared to ALFF (Zou et al., 2008). In a recent study, Hou et al. discovered that models based on fALFF values might contribute to distinguishing PD patients from healthy controls (HC) and predicting future deterioration (Hou et al., 2022).

Considering the clinical significance of early identification for MSA-P and PD patients, along with the heterogeneity in previous research and the potential discriminatory value of the fALFF, therefore, the current study was conducted. The primary objective was to explore distinctions in fALFF indicator among early-stage MSA-P and PD patients. Additionally, we sought to investigate variations in FC between the two diseases and evaluate the diagnostic and discriminatory utility of fALFF for the two conditions.



Materials and methods


Subjects

Participants in the study were recruited from an ongoing prospective longitudinal cohort study at the Department of Neurology, Sichuan University West China Hospital. The study received approval from the Ethics Committee of West China Hospital, Sichuan University (No. 2015–236), and all participants provided written informed consent. Diagnosis of PD and MSA was based on the Movement Disorder Society clinical diagnostic criteria for PD (MDS-PD Criteria) (Postuma et al., 2015) and the Movement Disorder Society Criteria for the Diagnosis of Multiple System Atrophy (MDS-MSA Criteria) (Wenning et al., 2022), respectively. Patients were categorized into MSA-P subtype based on the predominant symptoms of parkinsonism at the time of evaluation. Each patient underwent evaluation by at least two neurologists specializing in movement disorders and was followed up at least once through telephone or face-to-face interviews. The last visits were scheduled for December 2023. Exclusion criteria included (1) left-handedness; (2) Hoehn & Yahr (H&Y) stage >2.5 or Unified Multiple System Atrophy Rating Scale-I (UMSARS-I) ≥ 17; (3) disease duration >3 years; (4) a history of other neurological or psychiatric diseases, head injury, and neurological surgery; (5) visible structural brain defects. Age- and sex-matched HC were included if they were (1) right-handed; (2) had no history of neurological or psychiatric diseases; (3) had no family history of PD; (4) had normal brain structure.

Demographic and clinical information, including age, sex, education level, disease duration and medication usage, was collected from patients. Motor symptom severity in PD patients was assessed through the MDS-Unified PD Rating Scale (MDS-UPDRS) Part III and H&Y stage (Goetz et al., 2008; Hoehn and Yahr, 1967), whereas, it was assessed by using Part II of the UMSARS in MSA-P patients (Wenning et al., 2004), during the OFF-state after instructing patients to withhold anti-parkinsonian drugs for at least 12 h. Depression and anxiety were evaluated by using the 24-item Hamilton Depression Rating Scale (HAMD) (Moberg et al., 2001) and the Hamilton Anxiety Rating Scale (HAMA) (Hamilton, 1959), respectively. Cognitive function was assessed by using the Montreal Cognitive Assessment (MoCA) (Nasreddine et al., 2005).



MRI acquisition and preprocessing

All MRI scans were conducted using a 3.0 Tesla MRI scanner (Magnetom Skyra; Siemens Healthineers, Erlangen, Germany) equipped with a 32-channel head coil. The rs-fMRI data were obtained through a gradient-echo echo-planar imaging sequence with the following parameters: repetition time (TR) = 2000 ms, echo time (TE) = 30 ms, flip angle = 90°, field of view (FOV) = 224 × 224 mm2, matrix size = 64 × 64, slice number = 36, slice thickness = 3.5 mm, slice gap = 0.7 mm, and voxel size = 3.5 × 3.5 × 3.5 mm3. Participants were instructed to lie comfortably in supine position with closed eyes. The foam pad minimized head movement, and earplugs were used to reduce noise interference. Participants were routinely checked to ensure wakefulness.

The rs-fMRI data underwent preprocessing using the Statistical Parametric Mapping software (SPM12, https://www.fil.ion.ucl.ac.uk) and Data Processing & Analysis for Brain Imaging toolkit (DPABI, http://rfmri.org/DPABI) (Chao-Gan and Yu-Feng, 2010). Preprocessing steps included removing the first 10 time points, slice timing correction, motion correction, spatial normalization to the standard Montreal Neurological Institute (MNI) EPI templates, resampling to 3 × 3 × 3 mm3, spatial smoothening with 4-mm full-width at half-maximum (FWHM) Gaussian kernel, detrending, and nuisance signal regression (Friston 24-parameters, white matter, and cerebrospinal fluid signals). Head motion parameters for all participants were limited to <2 mm maximum displacement in the x, y, or z plane and < 2 angular rotation about each axis.



fALFF calculation

The ALFF maps of each voxel were assessed by applying band-pass filtering in the range of 0.01–0.08 Hz by using DPABI. Subsequently, fALFF was derived by dividing the low-frequency power by the standard deviation of the unfiltered signal. To standardize the data, z-scores for fALFF were computed for each subject.



Functional connectivity analysis

In consideration of the primary fALFF outcomes and the reported widespread and significant alterations observed in the basal ganglia (BG) region, we conducted a seed-based FC analysis. Four regions of interest (ROI) were delineated, including the bilateral caudate nuclei and bilateral putamen. The reference time series for each seed were generated by averaging the time series of all voxels within the respective seed region. Pearson’s correlation coefficients were subsequently calculated between the time course of each seed region and those of all other voxels in the brain. These correlation coefficients were then transformed into z-values using Fisher’s r-to-z transformation to attain normality, resulting in seed-to-voxel FC maps for each subject.



Statistical analysis

The demographic and clinical characteristics of participants across different groups were analyzed using SPSS 24.0 software. The normal distribution of data was assessed with the Shapiro–Wilk test. Sex distribution was examined using the chi-square test. For continuous variables between the two groups, independent sample t-tests or Mann–Whitney U-tests were employed, depending on the data distribution. Among the three groups, including age, education level, and MoCA score, one-way ANOVA or Kruskal–Wallis tests were used, with post hoc Bonferroni tests applied. A p-value <0.05 was considered statistically significant.

A one-way ANOVA design model was employed using SPM12 among the three groups (MSA-P, PD, and HC), with age, sex, and education level as covariates to identify significant differences in the z-value maps (voxel-level p < 0.05, cluster-level p < 0.05, uncorrected). These significant differences were then extracted as masks. Subsequently, post hoc two-sample t-tests were conducted between each pair of the three groups, with age, sex, and education level considered as covariates. When comparing PD with MSA-P, medication usage was also included as a covariate. The significance threshold at the voxel level was set at p < 0.001, with family-wise error (FWE) correction for multiple comparisons at the cluster level (p < 0.05). Additionally, a less stringent threshold of p < 0.005 at the voxel level, corrected by FWE correction at the cluster level (p < 0.05), was applied.

The diagnostic accuracy of fALFF in regions with differences was further assessed through receiver operating characteristic (ROC) curve analyses. Accuracy for differential diagnosis was quantified using the area under the curve (AUC) and values of sensitivity and specificity. A significance level of p < 0.05 was considered statistically significant.




Results


Clinical characteristics

The demographic and clinical characteristics of the study participants are presented in Table 1. The total sample included 85 individuals, with 24 diagnosed with MSA-P, 34 with PD, and 27 HC. No notable differences were found among the three groups (MSA-P, PD, and HC) in terms of age, sex and education years and MoCA scores. Furthermore, there were no significant variations in the disease duration and assessment scores (HAMD and HAMA scores) between the MSA-P and PD groups.



TABLE 1 Demographic and clinical characteristics.
[image: Table comparing characteristics of three groups: MSA-P, PD, and HC. Includes metrics like age, sex ratio, education, MoCA score, disease duration, HAMD, HAMA, UMSARS scores, UPDRS-III score, H&Y stage, and LEDD. MSA-P group shows higher MoCA scores and LEDD than PD. PD group has UMSARS-III and H&Y data, not present in MSA-P or HC. Each column provides mean values with standard deviations, with some P values indicating statistical significance.]



Regional function

Compared to HC, the MSA-P group exhibited reduced fALFF in the left putamen and caudate, along with an increased fALFF value in the left superior cerebellum (Supplementary Table S1). Additionally, the PD group showed decreased fALFF in the left putamen (Supplementary Table S1). With a slightly loosened significance threshold, MSA-P group displayed reduced fALFF in both the left and right putamen and caudate, coupled with an elevated fALFF value in the left cerebellum (Figure 1A and Supplementary Table S1). Regarding the PD group, it exhibited decreased fALFF in the left BG and left medial superior frontal gyrus (mSFG), as well as increased fALFF in the right inferior occipital gyrus (IOG), fusiform gyrus (FFG), and inferior temporal gyrus (ITG) (Figure 1B and Supplementary Table S1).

[image: MRI brain scans with labels comparing MSA-P versus HC and PD versus HC. In the MSA-P section, blue and red highlights indicate areas of difference in axial, sagittal, and coronal views. The PD section shows similar comparisons with different highlighted regions. A vertical color scale on the right ranges from blue to red, representing statistical values.]

FIGURE 1
 Differences of the fALFF values. Differences in the fALFF values are shown between MSA-P patients and HC (A) and between PD patients and HC (B). (p < 0.005, family-wise error-corrected). The color bar indicates z value. The warm colors indicate that the z values of the MSA-P (A) or PD (B) groups are higher than those of the HC group, while the cool colors indicate that the z-values are lower. Abbreviations: fALFF, fractional amplitude of low-frequency fluctuation; MSA-P, parkinsonian variant of multiple system atrophy; HC, healthy controls; PD, Parkinson’s Disease; L, left; R, right.




Post-hoc analysis

For the FC analysis, focusing on the FC between four ROIs encompassing the bilateral caudate nuclei and bilateral putamen and the other voxels in the brain, the results indicated that, compared to the HC, MSA-P patients displayed reduced FC between the left putamen and the right BG, while PD patients exhibited increased FC between bilateral putamen and various regions (Supplementary Table S2). Compared to MSA-P group, the PD group exhibited increased FC between the left putamen and the right precentral gyrus and right supplementary motor area (SMA) (Supplementary Table S2). When the significance threshold was slightly relaxed, the PD group also exhibited increased FC between the left putamen and the left paracentral lobule and right middle temporal gyrus, the right putamen and right SMA, as well as bilateral putamen and several regions, including the bilateral median cingulate and paracingulate gyrus, bilateral calcarine fissure, and surrounding cortex, compared to the MSA-P group (Figure 2 and Supplementary Table S2).

[image: MRI brain scans showing axial views of the left and right putamen with highlighted areas in red. Panel A presents sequential slices of the left putamen, while Panel B shows the right putamen. Each image is labeled with corresponding slice numbers and hemispheric orientation indicators (L for left, R for right). Red areas indicate regions of interest or activation.]

FIGURE 2
 Differences of the FC. Differences of FC are shown between PD and MSA-P patients, using striatum regions as seeds, including left putamen (A), right putamen (B). Increased FC was shown in red color. Abbreviations: FC, functional connectivity; PD, Parkinson’s Disease; MSA-P, parkinsonian variant of multiple system atrophy; L, left; R, right.


Based on the Z-values in the four ROI mentioned above, ROC analysis was performed to assess the ability of fALFF to distinguish among patients with MSA-P and PD and HC. It showed that fALFF of left caudate resulted in 79.2% sensitivity and 81.5% specificity, with an AUC of 0.838, to distinguish MSA-P patients and HC; 54.2% sensitivity and 97.1% specificity, with an AUC of 0.772, to distinguish MSA-P patients from PD (Table 2). And fALFF of left putamen resulted in 61.8% sensitivity and 85.2% specificity, with an AUC of 0.736, to distinguish PD patients and HC (Table 2).



TABLE 2 Discriminatory value of fALFF.
[image: Table comparing AUC, sensitivity, and specificity for predictors in three diagnostic group comparisons: MSA-P vs. HC, PD vs. HC, and MSA-P vs. PD. Predictors include left caudate, right caudate, left putamen, and right putamen. AUC values range from 0.566 to 0.838, sensitivity from 50.0% to 94.1%, and specificity from 40.7% to 97.1%. Abbreviations: MSA-P (parkinsonian variant of multiple system atrophy), PD (Parkinson’s Disease), HC (healthy controls), AUC (area under the curve).]




Discussion

Our fMRI investigation, focusing on spontaneous brain activity and connectivity patterns, revealed distinct alterations between MSA-P and PD at early stage. MSA-P patients exhibited reduced fALFF in the left putamen and caudate, accompanied with increased activity in the left superior cerebellum. PD patients, in contrast, displayed decreased fALFF in the left putamen. Moreover, PD patients demonstrated increased FC between bilateral putamen and specific regions, including the right precentral gyrus and SMA. Conversely, MSA-P patients showed reduced FC between the left putamen and the right BG. Notably, ROC curve analysis underscored the diagnostic potential of fALFF, particularly in regions like the left caudate and putamen, offering promise for fALFF as an indicator to differentiate between MSA-P and PD.

Various evidence suggest that changes in brain function may occur before noticeable brain atrophy, particularly in the initial stage of the disease (Perovnik et al., 2023). The detected alterations in fALFF within specific brain regions provided valuable insights into the distinctive neurobiological mechanisms associated with MSA-P and PD. The neuropathological features of MSA contributing to parkinsonian symptoms include widespread glial cytoplasmic inclusions containing fibrillar and modified α-synuclein in the striatonigral region (Campese et al., 2021). Both MSA-P and PD initially involve degeneration restricted to the substantia nigra before putamen and followed by affecting the caudate (Poewe et al., 2022). Our study revealed a significant reduction in fALFF in the caudate nucleus of MSA-P patients, in addition to the significant decrease in fALFF observed in the putamen in both MSA-P and PD patients. These findings may suggest a different progression pattern involving the caudate nucleus in MSA-P compared to PD. This similarity in results has been supported by previous positron emission tomography (PET) study, which indicated relatively preserved function of the caudate nucleus in PD patients compared to MSA-P patients (Otsuka et al., 1997). Furthermore, PET scans in PD patients have shown progressive dopaminergic loss in the putamen, with asymmetry between affected striatal regions (Politis et al., 2017). Correspondingly, our investigation revealed decreased fALFF values in the putamen of PD patients, in line with earlier ALFF studies (Wu et al., 2015; Hou et al., 2022). Notably, with a slightly relaxed significance threshold, alterations in fALFF were observed in the bilateral BG of MSA-P patients, whereas in PD patients, only the left BG exhibited functional alterations. This pattern underscored the prominent unilateral or asymmetrical onset signs in PD patients (Poewe et al., 2017). Overall, the observed reduction in fALFF in the BG in our study, suggests that fALFF may offer valuable insights for identifying MSA-P and PD in the early stage.

Moreover, the observed alterations in fALFF within the superior cerebellum in MSA-P patients and various cortical regions in PD patients in our study were noteworthy, as they corresponded to some extent with the pathophysiological changes observed in the two diseases. Despite MSA-P patients predominantly presenting with parkinsonian symptoms, alongside functional changes in the striatal region, the involvement of the cerebellum was also significant. The role of the cerebellum has received growing attention, encompassing both motor control and cognitive processes, with the anterior cerebellar lobes specifically linked to motor activities (Grimaldi and Manto, 2012). In a study enrolling both MSA-P and MSA-C patients indicated that patients with MSA-P also had abnormal cerebellar volume, with longitudinal follow-up revealing significant structural changes in the cerebellum (Vemuri et al., 2022). Conversely, while another study investigating ALFF including both MSA-P and MSA-C patients found higher ALFF value in the cerebellum (Wang et al., 2017), our investigation, focusing on fALFF and solely MSA-P patients, demonstrated elevated value in the cerebellum, further emphasizing altered cerebellar function at an early stage in MSA-P patients. In addition, we observed altered fALFF values in IOG, FFG, ITG and mSFG in PD patients. Alterations in spontaneous brain activity in the temporo-occipital cortex are common in PD patients. Previous studies reported increased brain activity in the occipital cortex (Wang et al., 2017; Wang et al., 2020) and temporal cortex (Wang et al., 2017; Wang et al., 2023; Wang et al., 2020; Wu et al., 2015), which were consistent with our findings, whereas, some studies have documented decreased activity in the occipital cortex (Hou et al., 2022; Wang et al., 2023; Wu et al., 2015). Given its role as a visual processing center, deficits in the occipital cortex have been associated with impaired visual cues for locomotion (Sage and Almeida, 2010), and the presence of non-motor symptoms like visual hallucinations has been correlated with functional alterations in both the temporal and occipital cortex (Sage and Almeida, 2010; Ibarretxe-Bilbao et al., 2011). The elevated fALFF observed in our study may indicate heightened neuronal activity in the early stage, possibly serving as a compensatory mechanism to maintain both motor and non-motor functions. With the gradual disease progression, this compensatory effect may diminish or disappear at the advanced stage. Generally, these findings confirmed the functional alterations observed across various regions during the early stage of the two conditions, and highlighted the differences in pathological and compensatory mechanisms between the two conditions.

The BG has been considered an independent brain region implicated in parkinsonism, but they also closely collaborated with the cortex to support motor and non-motor functions (Caligiore et al., 2019). The alterations in FC patterns underscore the distinct cortical–subcortical circuitry involved in the two conditions. Compared to MSA-P patients, PD patients exhibited increased FC between the putamen and motor-related regions such as the precentral gyrus and SMA. Given that FC involving precentral gyrus and SMA are crucial for motor control and action sequencing (Caligiore et al., 2016), dysfunction in these regions may contribute to observed motor symptoms in parkinsonism. Consequently, the elevated FC between BG and precentral gyrus /SMA in PD patients, relative to MSA-P patients, could suggest a more effective motor compensatory mechanism. Additionally, under a relaxed threshold, PD patients displayed increased FC between the putamen and other cortical regions, including the paracentral lobule and cingulum gyrus, as well as the temporal and occipital gyrus, which are associated with both motor and non-motor symptoms. The increased FC may also reflect enhanced compensatory mechanisms within the cortico-striatal circuitry involved in symptom mediation in PD patients. Notably, MSA-P patients did not exhibit increased FC, and the reduced FC between the left putamen and the right BG in MSA-P patients corresponded to the disorder’s characteristic of more severe symptoms compared to PD. Thus, the distinct FC patterns between BG and cortex differentiated MSA-P from PD, reflecting diverse compensatory mechanisms and the severity of the diseases. The alterations in FC patterns also highlight the potential clinical value of these measures in differentiating between MSA-P and PD. Early identification of these FC patterns might guide targeted and customized management strategies.

The diagnostic potential of fALFF, validated through ROC analysis, emphasized its utility as a promising marker for distinguishing the two neurodegenerative disorders. The fALFF value of putamen demonstrated acceptable discriminatory ability in identifying PD patients and HC in our study, consistent with prior research, which showed that classification models incorporating putamen imaging features may effectively distinguish PD patients from HC (Hou et al., 2022). Our findings also underscored the utility of fALFF values in the caudate nucleus for distinguishing MSA-P from PD. These distinct fALFF patterns emphasize significant clinical implications, potentially aiding in early diagnosis and supporting the development of tailored treatment approaches for MSA-P and PD. While the AUC values of fALFF in BG were acceptable, further validation in larger cohorts are warranted and future investigations could explore models that combine fMRI imaging features with other MRI sequences or clinical variables to enhance diagnostic accuracy.

Limitations of the study include a relatively small sample size and its cross-sectional design. Future research would benefit from a larger sample size and longitudinal designed studies to validate the findings of the current study. Despite efforts to control for confounding variables like neuropsychiatry and cognition, other factors such as cumulative drug effects may still have influenced the results. While medication use was inevitable for accurate diagnosis, strict measures were taken to minimize its impact by requiring patients to abstain from medication for at least 12 h before MRI examinations.



Conclusion

Our research enhanced understanding of the underlying mechanisms of MSA-P and PD, as evidenced by alterations in fALFF and FC patterns. These findings underscore the potential of fALFF as a diagnostic marker for distinguishing MSA-P from PD.
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Aim: To identify optimally therapeutic exercise interventions for improving motor ability among patients with Parkinson’s disease (PD), we conducted a network meta-analysis (NMA) of randomized controlled trials comparing different exercise regimens.
Methods: Relevant RCTs were retrieved by searching PubMed, Embase, Cochrane, Web of Science, CINAHL, CBM, China National Knowledge Infrastructure (CNKI), Wan fang, VIP, and other databases from inception to July 9, 2023 is available in English as the primary language. Exercise outcomes as measured by Movement Disorder Society- Unified Parkinson’s Disease Rating Scale Part III (MDS-UPDRS-III) score change were evaluated and ranked using STATA software version 18.0. All included studies were assessed for methodological quality using the Cochrane Risk of Bias tool.
Results: The final NMA included 71 studies involving 3,732 participants, 87 intervention experiments, and 27distinct interventions. Although most exercise interventions showed some efficacy (reducing MDS-UPDRS-III score), cumulative ranking probability surface (SUCRA) values indicated that the best exercise interventions for motor function improvement were archery (95.6%), riding a bicycle (80.9%), and binary rhythm dance (80.8%).
Conclusion: An exercise intervention comprising archery, cycling, and(or) binary rhythm dance may yield superior improvements in motor function among patients with Parkinson’s disease.
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1 Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder characterized neuropathologically by the degeneration of dopaminergic neurons and behaviorally by progressive deterioration of motor function and eventually of cognitive capacity. It is the second most common chronic neurodegenerative disease of the central nervous system after Alzheimer’s disease (AD). Like AD, PD onset risk increases with age, so as expected prevalence is rising globally due to population aging, and in particular the number and proportion of individuals aged 65 or older (Hirsch et al., 2016). Current projections suggest that the global prevalence of PD patients will exceed 12 million by the year 2040 (Dorsey and Bloem, 2018). In addition to the aged, a growing number of individuals under the age of 50 are being diagnosed with early-onset PD (Dorsey et al., 2018). The typical clinical manifestations of early- to intermediate-stage PD are bradykinesia, rigidity, reduced range of motion, and diminished automaticity (Mirelman et al., 2019), motor deficits that substantially reduce functional independence and quality of life.

The first-line treatment for PD is dopamine replacement therapy. While dopaminergic medications can improve motor functions such as walking speed and stride length, prolonged therapy often leads to motor fluctuations, dyskinesia (Albani et al., 2014), and non-motor symptoms like hallucinations and impulsive compulsive behaviors (Weintraub et al., 2022). Surgical interventions, such as deep brain stimulation (DBS) may also accelerate the initiation of motor responses and ameliorate functional disturbances, but electrode implantation carries risks of infection, rejection and poor or suboptimal stimulus targeting. Moreover, no current treatment can prevent or alleviate non-motor symptoms and disease progression.

The development of therapies that can augment or replace drug and surgical interventions is a major focus of current PD research. Such studies have reported that exercise, physical rehabilitation, psychological interventions, and caregiving can be cost-effective and feasible adjunct therapies with long-term adherence. In fact, cross-sectional, longitudinal observational, and prospective interventional trials support exercise therapy as more effective for addressing motor symptoms than current pharmacological approaches (Dutta et al., 2022; Foster et al., 2013; Gamborg et al., 2022; Schenkman et al., 2018). However, these improvements are not always observed, potentially due to variations in cognitive engagement, the severity of the disease, and the specific exercises used (Canning et al., 2012; Skidmore et al., 2008). In addition, inconsistencies in outcome may reflect the use of different evaluation metrics. In 2001, the Movement Disorder Society (MDS) commissioned a revision of the Unified Parkinson’s Disease Rating Scale (UPDRS) initially developed in the 1980s. This new version, called the MDS-UPDRS, was further revised in 2008 to enhance its assessment capabilities. It has since become a widely utilized clinical rating scale for comprehensively evaluating various symptoms and complications of PD (Goetz et al., 2007; Ramaker et al., 2002). Among other advantages, this widespread application of the MDS-UPDRS may improve consistency across studies and thereby enhance the feasibility of pooled data analyses (e.g., meta-analyses).

Network meta-analysis (NMA) is a versatile technique for simultaneously comparing multiple interventions (e.g., A vs. B, B vs. C) from individual studies (Lu and Ades, 2004). Moreover, by combining direct and indirect comparisons, NMA techniques can rank the relative efficacies of multiple interventions for selecting the optimal regimen (Garcia-Ruiz et al., 2014). In the current NMA, the MDS-UPDRS was selected as the outcome measure and various exercise interventions evaluated in randomized controlled trials (RCTs) were systematically ranked according to the improvement (decrease) in MDS-UPDRS score post-intervention. The first part of the MDS-UPDRS addresses “non-motor experiences of daily living,” the second “motor experiences of daily living,” the third part remains dedicated to “motor examination,” and the fourth part focuses on “motor complications.” The third part, MDS-UPDRS-III (motor examination) has demonstrated high reliability, validity, and sensitivity to change following treatment, with an assessment time of less than 15 min (Goetz et al., 2008). Therefore, MDS-UPDRS-III is particularly useful for evaluating the efficacies of specific exercise interventions. The exercise interventions examined in the current NMA include treadmill training, stretch training, aerobic exercise, aquatic exercise, balance and gait training, dual-task training, dance (e.g., tango, waltz, Irish dance, Sardinian dance, folk dance, different rhythm-based dance therapies), qigong practices (e.g., Eight Brocades, Five Animal Frolics, Six Healing Sounds), Tai Chi, mindfulness meditation, resistance exercises (e.g., weightlifting, resistance band exercises, progressive resistance exercise), exercise games, rock climbing deficits. While many systematic reviews and meta-analyses have promoted the effectiveness of various physical therapies in PD, most have included non-randomized controlled trials or lacked quantitative analysis. Moreover, these reviews often compared non-pharmacological, physical interventions with placebos, waitlists, or standard treatments, providing insufficient evidence for ranking by efficacy. Therefore, our objective is to systematically review previous RCTs, on diverse exercise interventions for PD, reevaluate the efficacy of each by pooled analysis, and rank exercises by efficacy to provide clinicians and patients with evidence-based selection criteria.



2 Methods


2.1 Eligibility criteria and literature search

PubMed, Embase, Cochrane, Web of Science, CINAHL, CBM, China National Knowledge Infrastructure (CNKI), Wanfang, VIP, and other databases were searched from inception to July 9, 2023, without language restrictions. Search strings included a combination of Medical Subject Headings (MeSH terms or Emtree terms) and free-text terms related to PD (“Parkinson’s disease”, “idiopathic Parkinson’s disease”, “Lewy body dementia”, “tremor paralysis”), exercise intervention (“aerobic exercise”, “strength training”, “balance exercise”, “balance”, “dual-task training”, “stretching exercise”, “Tai Chi”, “Five Animal Frolics”, “Eight Brocades”, “qigong”, “yoga”, “dance”, “boxing”, “resistance training”, “aquatic exercise”) and RCTs (“randomized controlled trial”, “random control”, “placebo”).The MeSH terms and free words were linked by “OR” within each group, and the groups were linked by “AND” for the search. Study selection, data gathering, and reporting were conducted in compliance with the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement and the Cochrane Collaboration extension statement (Hutton et al., 2015).



2.2 Study selection criteria

Inclusion criteria were based on the PICO (Participant, Intervention, Outcome, Study Design) guideline as follows: (1) Participants were early-to mid-stage Parkinson’s disease classified according to the Hoehn and Yahr (H&Y) scale (Stages I–III); (2) The Intervention was exercise training; (3) Outcome was change in MDS-UPDRS-III score; (4) Study Design was RCT available in English as the primary language.

Studies were excluded if participants had other neurological disorders, the primary outcome measure was not the MDS-UPDRS-III, there was no randomly selected control group, or if only a single acute training event was examined. In addition, feasibility, effectiveness, and pilot studies were excluded, as were study protocols.

Two authors (ZHF and ZL) independently screened titles, abstracts, and full texts for potential inclusion, and discussed disagreements until reaching a consensus. Data was extracted by the first author (ZHF), and extracted parameters included including participant characteristics (sample size, age, disease duration, Hoehn and Yahr stage, MDS-UPDRS-III scores at baseline and post-intervention), medication status (ON or OFF) during the trial, and type, frequency, and duration, of the exercise intervention. In addition to published RCTs retrieved from the aforementioned literature databases, reports on ongoing or upcoming trials were retrieved from the U.S. National Library of Medicine ClinicalTrials.gov and the Chinese Clinical Trial Registry. Grey literature was also considered. Finally, the reference lists of included articles were searched for eligible studies. Six potential sources of bias (risk of bias, RoB) were assessed for each RCT using the revised Cochrane Collaboration Tool (Abraha and Montedori, 2010): (1) bias from the randomization process, (2) deviation from intended interventions, (3) missing outcome data, (4) bias from the outcome measurement, (5) selective outcome reporting, and (6) overall bias. During this process, the first author (ZHF) independently screened the articles and any discrepancies were resolved by discussion with a third researcher (LL) until consensus was achieved. The risk for each primary source of bias was defined as either “low,” “medium,” or “high” for each trial, and a color-coded risk of bias table was constructed (Figure 1).The risk assessment for each trial was independently entered into Review Manager (RevMan 5.4), generating a summary of bias risk alongside the meta-analysis results.
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FIGURE 1
 Analysis of the risk of bias in accordance with the Cochrane collaboration guideline.





3 Statistical analysis

The NMA was conducted using STATA 18.0, and the Frequentist framework was employed following the PRISMA NMA guidelines. For all eligible RCTs, the post-intervention mean MDS-UPDRS-III score (with standard deviation) was retrieved for comparison across studies. To depict all available effects for each exercise intervention, a network evidence graph was generated as a concise summary (Figure 2A). In the network graph, nodes represent exercise interventions, node size is proportional to the total number of participants in the studies, the connecting edges between nodes indicate direct pairwise comparisons, and edge is indicative of effect magnitude.
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FIGURE 2
 The NMA figure for MDS-UPDRS-III (A). The SUCRA plot for MDS-UPDRS-III (B). GE, Gait exercise; RC, Routine care; RE, Resistance Exercise; BE, Balance exercise; HT, hydrotherapy; AH, archery; ST, Stretching training; TC, shadowboxing; NW, Nordic walking; YG, yoga; TTC, treadmill training category; TB, treadmill Balance; DA, dance; SG, Sports game; MM, Mindfulness meditation; DTT, Dual task training; FQ, Fitness Qigong; HAS, High strength and agility; SC, Sport climbing; SST, Sports strategy training; Da2, dance2(Duality Rhythm Dance); Bo, Boxing; MIT, Moderate intensity training; STT, Sensory attention training; ESP, Elastic strap Pilates; RAB, Ride a bike; AE, Aerobic Exercise.


The Surface Under the Cumulative RAnking (SUCRA) curve (Figure 2B) is a simple numerical statistic indicating the cumulative ranking probability for each intervention, and serves as an metric for grading the superiority or inferiority of exercise interventions (Page et al., 2016). Specifically, a larger SUCRA value indicates a greater likelihood that a particular exercise intervention is highly ranked (relatively more effective), while a lower value suggests that the intervention is likely less effective. We examined global consistency and employed the node-splitting model to assess local consistency. A p > 0.05 indicated no significant inconsistency between direct and indirect comparisons, and a consistency model was used. Otherwise, an inconsistency model was employed.

To detect the presence of publication bias, selective reporting, and other biases, we constructed a funnel plot (Figure 3) (Egger et al., 1997). The funnel plot is a simple scatter plot that reflects the estimated intervention effect of a single study with a certain sample size or precision. The distribution width and symmetry are indicative of study heterogeneity and publication bias, respectively. The advantage of the funnel plot is that it is intuitive, as relative differences in effect size can be observed directly.

[image: Funnel plot showing the standard error of log odds ratio versus effect size centered at comparison-specific pooled effect. Each colored dot represents a study comparison. Dashed lines form a triangle to visualize effect asymmetry. A legend lists abbreviations for study comparisons, each with a corresponding dot color.]

FIGURE 3
 Funnel plot on publication bias of MDS-UPDRS-III.




4 Results


4.1 Study identification

A total of 7,301 articles were retrieved using the pre-established search strategy. After excluding duplicates and for other reasons, the remaining 2,997 articles were screened based on titles and abstracts. Subsequently, 2,584 articles were excluded as irrelevant, and the remaining 413 were subjected to a full-text review. Of these, 342 were excluded as non-randomized controlled trials, for incomplete data, as conference papers, or for non-compliance with intervention measures, among others reasons (Figure 4). Ultimately, 71 articles were included in the NMA (summarized in Tables 1–3).
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FIGURE 4
 The process of selection of the eligible studies.




TABLE 1 Characteristics of the included studies.
[image: Table displaying characteristics: Age has a mean of 65.8 and a standard deviation of 9.1. Exercise period (weeks) has a mean of 14.5 and a standard deviation of 15.3. Number of interventions (frequency) shows a mean of 2.5 and a standard deviation of 1.05. Practice time (minutes) has a mean of 54 and a standard deviation of 24.7.]



TABLE 2 Relative effect sizes of efficacy on MDS-UPDRS-III according to network meta-analysis.
[image: Matrix displaying pairwise comparisons of various interventions for exercise and therapy, including gait exercise, resistance exercise, and mindfulness meditation. Boxes are color-coded: green for pair-to-pair comparison, blue for intervention names, and yellow for SUCRA values. Labels include activities like archery, shadowboxing, and yoga.]



TABLE 3 Characteristics of included trails in this network meta-analysis.
[image: A detailed table lists various studies related to Parkinson's disease treatments. Columns include the author's name and year, magazine name, sample mean age, Hoehn-Yahr scale, sample size, intervention type, and details of interventions. Each row represents a different study, describing specific intervention methods like exercise, yoga, and routine care, along with durations and frequencies.]



4.2 Study characteristics

These 71 RCTs were published between 2002 and 2023, and involved a total of 3,732 participants. The NMA included a total of 87 intervention experiments and 27 distinct interventions: gait exercises (GE, such as gait posture interventions and aerobic walking), routine care: (RC), resistance exercises (RE, such as weightlifting, resistance band exercises, and strength training), balance exercises (BE, such as stability exercises and balance training), hydrotherapy (HT, aquatic exercises), archery (AH), stretching exercises (ST, such as limb and joint stretching), Tai Chi (TC), Nordic walking (NW), yoga(YG), treadmill training (TTC, high-intensity, moderate-intensity, or low-intensity), treadmill balance (TB, treadmill walking combined with balance interventions), dance (DA, including tango, Irish dance, improvised dance, waltz), sports games (VR, sports games), mindfulness meditation (MM), dual-task training (DTT), fitness qigong (FQ, Six-character Formula, Five Animal Frolics, Eight Brocades), high-intensity agility training (HAS), sport climbing(SC), sport strategy training(SST), dance 2 (Da2, binary rhythmic dance), boxing (BO), moderate-intensity training (MIT), sensory attention training (STT), elastic band Pilates (ESP), riding a bicycle (RAB), and aerobic exercise (AE). In the included studies, most exercise interventions were compared to routine care, stretching exercises, or aerobic exercises as the control. Among all eligible RCTs, 55 were two-arm (Albrecht et al., 2021; Bega et al., 2015; Biebl et al., 2022; Cabrera-Martos et al., 2020; Cancela et al., 2020; Canning et al., 2015; Carroll et al., 2017; Chen et al., 2023; Collett et al., 2017; Corcos et al., 2013; Cugusi et al., 2015; Da Silva et al., 2023; Elangovan et al., 2020; Freidle et al., 2022; Gandolfi et al., 2019; Gassner et al., 2019; Hubble et al., 2018; Jaggi et al., 2023; Jung et al., 2020; Kurt et al., 2018; Kwok et al., 2023; Kwok et al., 2019; Landers et al., 2016; Landers and Navalta, 2019; Li G. et al., 2022; Mak and Wong-Yu, 2021; McKee and Hackney, 2013; Michels et al., 2018; Millar, 2020; Miyai et al., 2002; Mollinedo-Cardalda et al., 2018; Moon et al., 2020; Moratelli et al., 2022; Morris et al., 2017; Ni et al., 2016; Pereira-Pedro et al., 2022a; Poliakoff et al., 2013; Romenets et al., 2015; Sangarapillai et al., 2021; Santos et al., 2017; Schlenstedt et al., 2015; Silva-Batista et al., 2020; Soke et al., 2021; Solla et al., 2019; van der Kolk et al., 2019; Van Puymbroeck et al., 2018; Volpe et al., 2013; Wang et al., 2022; Wayne et al., 2017; Wu et al., 2021; Xiao and Zhuang, 2016; Youm et al., 2020; Zhu et al., 2018; vb6b, 2018) and 16 were three-arm (Bucken Gobbi et al., 2013; Carvalho et al., 2015; Chen et al., 2021; Fisher et al., 2008; Hackney and Earhart, 2009; Li et al., 2012; Li F. et al., 2022; Li X. et al., 2022; Morris et al., 2015; Nadeau et al., 2014; Sage and Almeida, 2009; Schenkman et al., 2012; Schenkman et al., 2018; Silva-Batista et al., 2016; Tollar et al., 2018). The exercise intervention period for included trials ranged from 4 to 96 weeks (average 14.5 weeks, SD 15.3 weeks), the frequency of exercise intervention from 1 to 5 sessions per week (average 2.5, SD 1.05), and the total time per session from 15 to 120 min (average 54 min, SD 24.7 min).



4.3 Quality assessment

Methodological quality assessment results for the eligible RCTs are depicted in Figure 1. While overall quality was high, 8 trials did not mention random sequence generation or blinding, and one trial reported incomplete results. These trials were classified as “medium risk”. Additionally, 23 trials mentioned randomization and blinding but did not provide specific details. These trials were classified as “low risk”.



4.4 Network meta-analysis for efficacy ranking

Figure 2A depicts the network diagram of different exercise interventions for the MDS-UPDRS-III. The overall network structure indicates numerous comparisons between routine care (control) and dance, stretching training, balance exercise, and resistance exercises, as these interventions are currently popular. Also indicated are numerous pair-wise comparisons between interventions from three-arm trials. Surface Under the Cumulative Ranking (SUCRA) curves for each of the 27 intervention type are shown in Figure 2B (derived from Table 2). In these curves (red lines), a sharp early increase yields a larger area and indicates a greater probability of improving motor ability (higher efficacy rank), whilst a shallow, later increase yields a smaller area and is indicative of lower probability of motor improvement (lower efficacy rank). According to these analyses, archery ranked first (SUCRA = 95.6%), followed by bike riding (SUCRA = 80.9%), duality rhythm dance (SUCRA = 80.8%), elastic strap Pilates (SUCRA = 76.9%), sensory attention training (SUCRA = 70.7%), treadmill balance training (SUCRA = 70.2%), yoga (SUCRA = 67.8%), high-intensity strength and agility training (SUCRA = 67.2%), resistance exercise (SUCRA = 40.2%), and balance exercise (SUCRA = 39.7%). The efficacies of these exercise interventions for reducing MDS-UPDRS-III score were higher than stretching training (SUCRA = 21.1%) and routine care (SUCRA = 22.6%).

Further, archery was significantly superior to routine care (standardized mean difference (SMD = −16.92, 95%CI = −28.97, −4.87), stretch training (SMD = −19.08, 95%CI = −31.07, −7.08), sports games (SMD = −21.73, 95%CI = −36.58, −6.87), and aerobic exercise (SMD = −14.33, 5%CI = −26.50, −2.16) for improving motor abilities in Parkinson’s disease. Overall, boxing was the least effective as MDS-UPDRS-III score was not reduced post-intervention (SUCRA = 0.7%, Sangarapillai et al., 2021). All other interventions were superior to boxing.



4.5 Efficacy ranking

The cumulative ranking probability according to SUCRA graphs was as follows: Archery > Ride a bike > Duality Rhythm Dance > Elastic strap Pilates > Sensory attention training > Treadmill > Balance > Yoga > High strength and agility > Nordic walking > Dance > Sport climbing > Aerobic Exercise > Fitness Qigong > Shadowboxing > Dual task training > Sports strategy training > Treadmill training category > Resistance Exercise > Balance exercise > Gait exercise > Mindfulness meditation > Moderate intensity training > Routine care > Hydrotherapy > Stretching training > Sports game > Boxing.



4.6 Consistency analysis

The global inconsistency analysis p-value was 0.2170, indicating no significant inconsistency. Additionally, the node-splitting model analysis yielded p-values >0.05, indicating no significant inconsistency between direct and indirect comparisons, supporting adoption of a consistency model.



4.7 Publication bias

Publication bias for the outcome measure (MDS-UPDRS-III) was further evaluated by constructing a funnel plot with relative effect size (odds ratio, OR) on the horizontal axis and standard error of log (OR) on the vertical axis, and then examining plot dispersion and symmetry (Figure 3). This contrast yields narrower, higher plots for studies with larger sample sizes and lower, more dispersed plots for studies with smaller sample sizes. The majority of points falling within the 95% confidence intervals (slash lines) is indicative of little or no heterogeneity, while a symmetrical distribution is indicative of little or no publication bias. The points representing individual comparisons (indicated by color code in the lower panel) fell mainly within the 95%CIs and with high symmetry on each side of the 0 point (no effect), suggesting little publication bias.




5 Discussion

The objective of this NMA was to integrate evidence from 71 RCTs (including 87 interventions and 27 different exercises) to identify those with greatest efficacy for improving the motor abilities of PD patients according to MDS-UPDRS-III score reduction. Surface Under the Cumulative Ranking curve analysis indicated that archery (Chen et al., 2023; Radder et al., 2020) is the most effective intervention for reducing MDS-UPDRS-III scores and improving motor abilities (Chen et al., 2023; Radder et al., 2020), surpassing the efficacy of all other exercises tested (SUCRA = 95.6%), followed by bicycling (Pereira-Pedro et al., 2022b) and duality rhythm dance. This particular dance form, characterized by binary rhythm movements distinct from traditional dance categories such as tango, waltz, Irish dance, and self-created free dance, proved surprisingly effective (SUCRA = 80.8%), providing clues to the precise activity patterns (e.g., muscle groups engaged and contraction–relaxation dynamics) most beneficial for improving motor abilities in PD. Previous studies have reported significant improvements in motor abilities following exercise interventions such as dance, dual-task training, and high-intensity resistance training (Wang et al., 2023; Zhou et al., 2022), and these interventions were also relatively effective according to the current NMA. However, many previous meta-analyses and reviews grouped distinct exercise interventions into a single category, such as “martial arts” for Tai Chi, fitness Qigong, or boxing (Radder et al., 2020). Although this grouping increased statistical power, it did not identify the best specific intervention, and as demonstrated here, there were marked differences in therapeutic efficacy among these interventions. The current analysis thus provides precise information for selecting the most appropriate exercise intervention.

Archery has long been regarded an ideal rehabilitative activity, and was one of the first exercises introduced for the rehabilitation of paralysis and limb palsy patients (Guttmann and Mehra, 1973). Archery involves the activation of trunk latissimus dorsi and serratus anterior muscles, along with the stretching of the palm, finger muscles, and wrist. Participants must mentally focus on specifically ordered steps, from hooking the bowstring with their fingers to releasing the arrow by activating and relaxing various muscle groups in precise sequences, thereby providing opportunities for both strength and coordination enhancement. The practice of archery also provides a definitive metric for success (target hits), thus motivating regular participation (regular upper limb functional exercises) and performance improvement. Indeed, regular archery is reported to improve overall body stability and even non-motor symptoms (Chen et al., 2023). However, there have been a limited number of RCTs applying archery as an intervention for PD, so additional trials are required to confirm these findings. Further, as compliance will improve efficacy, additional studies are needed to compare the effects of exercises matched for weekly frequency, intensity, and total duration.

Riding a bike, the second most effective exercise choice for PD patients (SUCRA = 80.9%), can improve cardiovascular health, motor skills, coping, and cognitive skills as well as provide a sense of independence and promote social inclusion (Alberts et al., 2011; Ridgel et al., 2013; Tiihonen et al., 2021). Low-intensity progressive cycling improved motor dysfunction (Chang et al., 2018) while high-intensity cycling improved motor function, stiffness, and bradykinesia by promoting activity-dependent neuroplasticity (Feng et al., 2020; Oliveira de Carvalho et al., 2018). Forced passive cycling was also reported to enhance functional connectivity between the motor cortex and ipsilateral thalamus and between the subthalamic nucleus and posterior cingulate (Shah et al., 2016), consistent with improvements in motor control via neuroplasticity within sensorimotor pathways. Moreover, the motor improvements conferred by regular cycling may involve enhanced processing of proprioceptive inputs by sensory cortex (Nagano-Saito et al., 2005).

Dance is another exercise intervention widely used as therapy for PD patients, and consistent with previous reports of improved motor abilities, the SUCRA value was among the highest (80.8%). The benefits of dance likely stem from the multifaceted nature of the activity, requiring movement control (fluidity) and appropriate posture, potentially addressing PD-related deficits such as stiffness, bradykinesia, and postural instability (Hashimoto et al., 2015; Sharp and Hewitt, 2014; Šumec et al., 2015). Dance is also highly enjoyable, aiding in compliance (Earhart, 2009). At the neural level, dance stimulates basal ganglia circuits and reward systems to evoke positive emotions (Weintraub et al., 2005).

This NMA has several limitations. First, it included only early- to mid-stage PD patients (average Hoehn-Yahr stage of 1–3), so results may not be applicable to more advanced PD patients. There was also substantial heterogeneity in the frequency and duration of exercise interventions across trials, which could influence efficacy independent of the specific exercise used. Third, despite a comprehensive search, all included studies were in English, which may introduce culture bias against other exercise practices. Many pair-wise comparisons also included only a few individual trials, limiting the statistical power. Although all participants included in the analysis were in the early and middle stages of PD, the MDS-UPDRS-III scores varied markedly, likely reflecting the subjective nature of the assessment and inter-rater variability.

Last, most studies did not report concealed allocation, which may result in selection and performance biases. Large-scale RCTs comparing multiple exercise modalities matched for intensity and duration, and with appropriate safeguards against bias are needed to confirm the rankings presented here.



6 Conclusion

To the best of our knowledge, this study is the first to compare a large number of distinct exercise modalities (n = 27) for efficacy in improving motor function among patients with early- to middle-stage PD. A series of direct and indirect comparisons using NMA and SUCRA methods identified archery, cycling and dual rhythm dance as particularly effective for improving MDS-UPDRS-III scores, while others such as boxing and sports gameplay were largely ineffective. Although larger-sample, multi-arm trials are required for validation, the current findings may serve as a useful guide for healthcare providers when selecting exercise interventions to enhance the motor abilities, quality of life, and cardiovascular health status of individuals with PD.
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Background: Circadian rhythm disruption is typical in Parkinson’s disease (PD) early stage, and it plays an important role in the prognosis of the treatment effect in the advanced stage of PD. There is growing evidence that circadian rhythm genes can influence development of PD. Therefore, this study explored specific regulatory mechanism of circadian genes (C-genes) in PD through bioinformatic approaches.
Methods: Differentially expressed genes (DEGs) between PD and control samples were identified from GSE22491 using differential expression analysis. The key model showing the highest correlation with PD was derived through WGCNA analysis. Then, DEGs, 1,288 C-genes and genes in key module were overlapped for yielding differentially expressed C-genes (DECGs), and they were analyzed for LASSO and SVM-RFE for yielding critical genes. Meanwhile, from GSE22491 and GSE100054, receiver operating characteristic (ROC) was implemented on critical genes to identify biomarkers, and Gene Set Enrichment Analysis (GSEA) was applied for the purpose of exploring pathways involved in biomarkers. Eventually, immune infiltrative analysis was applied for understanding effect of biomarkers on immune microenvironment, and therapeutic drugs which could affect biomarkers expressions were also predicted. Finally, we verified the expression of the genes by q-PCR.
Results: Totally 634 DEGs were yielded between PD and control samples, and MEgreen module had the highest correlation with PD, thus it was defined as key model. Four critical genes (AK3, RTN3, CYP4F2, and LEPR) were identified after performing LASSO and SVM-RFE on 18 DECGs. Through ROC analysis, AK3, RTN3, and LEPR were identified as biomarkers due to their excellent ability to distinguish PD from control samples. Besides, biomarkers were associated with Parkinson’s disease and other functional pathways.
Conclusion: Through bioinformatic analysis, the circadian rhythm related biomarkers were identified (AK3, RTN3 and LEPR) in PD, contributing to studies related to PD treatment.
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1 Introduction

Parkinson’s disease (PD) is a long-term, progressive neurodegenerative condition that is mainly characterized by motor dysfunction, including bradykinesia, instability in posture, muscle stiffness, and resting tremor (Yang et al., 2020; Aarsland et al., 2021). One distinguishing feature of the illness is the selective loss of dopaminergic neurons in the Substantia Nigra pars compacta (SNpc), which causes motor symptoms (Maiti et al., 2017; Guatteo et al., 2022). Another distinct characteristic of PD is the existence of Lewy bodies, which are cytoplasmic aggregates mostly made of ubiquitin and α-synuclein (α-syn), within the remaining neurons (Bérard et al., 2022; Surguchov and Surguchev, 2022; Stoker and Greenland, 2018). The pathophysiology of PD is yet unknown, however, hereditary factors, environmental variables, age, and oxidative stress may all play a role in the degenerative death of dopaminergic neurons (Chang and Chen, 2020; Jankovic and Tan, 2020). Living independently is challenging for PD patients, which places a huge load on individuals and their families. At present, the diagnosis criteria for PD are still dependent only on motor symptoms that appear years after the neurodegenerative process has begun (Tolosa et al., 2021). But the emergence of symptoms linked to dyskinesia has revealed that PD patients are at an advanced clinical stage. Symptoms of mobility abnormalities in PD patients can be avoided as soon as feasible if the neurodegeneration is identified and treated at an early stage.

Although PD is classified as a movement illness, most patients also have a wide range of non-motor symptoms (NMS) (Kulisevsky et al., 2013). NMS often appear in the early stages of PD and often precede motor dysfunction. Nonmotor symptoms such as decreased olfaction, constipation, nocturia, neuropsychiatric symptoms, and sleep difficulties are very prevalent and can occur many years before the clinical diagnosis of PD (Zhang et al., 2016).

The circadian rhythm is a 24-h cycle that governs physiological and behavioral processes (Hood and Amir, 2017). Circadian rhythms control almost all bodily functions and behaviors, including sleep–wake cycles, body temperature, blood pressure, food intake, hormone release, and others (Serin and Acar Tek, 2019). Circadian rhythm disruption is typical in PD early stage. And symptoms associated with circadian rhythms can persist into the later stages of Parkinson’s disease (Hunt et al., 2022). Circadian rhythm disorder can cause rapid eye movement sleep behavior disorder, night insomnia, excessive daytime sleepiness and many other sleep disorders (Gros and Videnovic, 2020). Circadian rhythm disruption also impacts the corresponding fluctuations in blood pressure and heart rate, resulting in hypertension at night and hypotension during the day. Circadian rhythm issues for PD patients may have an impact on depression propensity, treatment responsiveness, body temperature, endocrine abnormalities, and other occurrences (Videnovic and Zee, 2015). Polymorphisms in clock genes have been linked to an increased risk of PD (De Lazzari et al., 2018; Shkodina et al., 2022). It has been postulated that clock gene mutations may contribute to PD pathogenesis by altering circadian regulation of processes such as mitochondrial bioenergetics, autophagy, and neuroendocrine function (Hunt et al., 2022). Many neurological illnesses, including schizophrenia, bipolar disorder, depression, and autism, rely on circadian rhythms (Hunt et al., 2022).

We hope to investigate the mechanism of circadian rhythm disturbance in Parkinson’s disease patients using high-throughput chip technology, as well as uncover relevant molecular markers that may diagnose and predict PD at an early stage and monitor patients’ circadian rhythm disruption for a long period. We extracted data sets GSE22491 and GSE100054 and 1,288 circadian rhythm genes from a public database. Differential expression analysis, WGCNA, LASSO, SVM-RFE, ROC, etc. were used to find circadian-related PD biomarkers, and genome enrichment analysis (GSEA) was used to investigate the functional pathways connected to PD. Finally, immunoinfiltration analysis was carried out in order to better understand the role of biomarkers in the immune milieu and to suggest therapeutic drugs that may influence biomarker expression. The strategy of this study is shown in Figure 1. It is crucial for the diagnosis and therapy of Parkinson’s disease to understand the mechanism of circadian biomarkers in the illness. The aim of this study was to investigate the regulatory mechanisms of circadian rhythm genes in Parkinson’s disease and to provide new ideas to guide the clinical treatment of Parkinson’s disease patients.
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FIGURE 1
 Flow chart of this study.




2 Materials and methods


2.1 Sources of data

Datasets GSE22491 and GSE100054 were acquired via GEO,1 in which the GSE22491 included peripheral blood mononuclear cells (PBMC) for 10 Parkinson’s disease (PD) samples and PBMC for 8 control samples (Mutez et al., 2011). GSE100054 contained 8 PD PBMC samples and 8 control PBMC samples (Miki et al., 2018). Then, totally 1,288 circadian genes (C-genes) were extracted via Circadian Gene DataBase (CGDB) database2 (Li et al., 2017; Yin X. et al., 2022; Yin Z. et al., 2022).



2.2 Differential expression analysis and ingenuity pathway analysis

After acquiring the (GSE22491) dataset, we first applied log2(x + 1) normalization to ensure the accuracy and reliability of the subsequent analysis. Subsequently, we performed differential gene analysis using stringent criteria (p.adjust<0.05, |log2FC| > 1) (Wang et al., 2021) to accurately screen for genes that were significantly differentially expressed between the disease and control groups. Through this process, genes that were lowly expressed in all samples were virtually automatically excluded, thus eliminating the need for additional screening for lowly expressed genes. Then, for the remaining gene were subjected to GO and KEGG through R package clusterProfiler (version 1.58.0) for finding functional pathways, filter criteria was adj. p < 0.05 (Yu et al., 2012). Subsequently, IPA was implemented in GSE22491 for exploring enrichment pathways of DEGs (Krämer et al., 2014). The symbol columns of DEGs and corresponding logFC columns were uploaded to IPA software, and preference was set to 3,000 mb, confirming that analyzed data was consistent with molecular background. Construction of interactions network was set to consider indirect effects, and data filtering threshold of 100–2000 was set to include contents of MyPathways and List created by individual into analysis together, RUN was clicked to start analysis. Z-score > 0 in indicated pathway was activated, and Z-score < 0 indicated inhibited. Role of biomarkers in transmission of signaling pathway corresponding to the highest value of |z-score| was displayed (Wang et al., 2022; Yang et al., 2022). In this study, we chosed thresholds of z-score > 2 or z-score < −2.



2.3 WGCNA

In this study, WGCNA analysis was performed on the entire sample of the training set using PD as a trait. WGCNA was applied in GSE22491 via R package WGCNA (version 1.70–3) (Langfelder and Horvath, 2008). GSE22491 samples were clustered for removing outliers, sample clusters were constructed for visualizing results. A soft threshold was chosen on the light of facts with constructed network maximally conformed to scale-free distribution and R2 closed to threshold 0.85. For constructing the co-expression matrix, all detected genes from GSE22491 were clustered into different modules. Therefore, neighboring and similarity were estimated for introducing coefficient of dissimilarity among genes, systematic clustering tree among genes was yielded according to coefficient of dissimilarity. Modules (set MEDissThres = 0.25 to merge similar modules, p < 0.05) with minimum number of 100 genes were sifted out for correlations analysis with sample groups (PD and control), key module that was highly correlated with PD was sifted out.



2.4 Acquisition of differentially expressed C-genes

The DEGs, C-genes and genes in the key module were overlapped to yield DECGs, and their localization on chromosomes as well as correlations among them were analyzed, GO and KEGG analyses were also applied with threshold p < 0.05 to identify relevant functional pathways.



2.5 Screening for critical genes via machine learning methods

In order to further screen out biomarkers that could diagnose the PD, we applied machine learning algorithm analyses. First, least absolute shrinkage and selection operator (LASSO) logistic regression algorithm was implemented on DECGs, and gene coefficient and cross-validation error maps were gained. The importance degrees of DECGs were ranked by support vector machine-recursive feature elimination (SVM-RFE) algorithm, and genes with the lowest error rate point were sifted out. Subsequently, critical genes were identified after taking the intersection of genes obtained by LASSO and SVM-RFE, the parameters were set to Lambda.min = 0.0046, AUC > 0.7.



2.6 Assessment of biomarkers’ diagnostic value

To evaluate ability of critical genes to distinguish PD from control samples, ROC curves were applied in GSE22491 and GSE100054 via pROC package (version 1.0.3) (Robin et al., 2011). ROC curves are plotted based on different dichotomous thresholds, where the vertical coordinate is the true-positive rate (Sensitivity) and the horizontal coordinate is the false-positive rate (1-Specificity). The closer the AUC (Area Under the Curve) is to 1, the higher the diagnostic accuracy of the model. Our analysis is based on an existing dataset designed to predict the risk of disease prevalence. We used an AUC value of 0.7 as a criterion, and area under the curve (AUC) of critical genes exceed 0.7 both in GSE22491 and GSE100054 were defined as biomarkers.



2.7 Construction of the diagnostic model

In GSE22491, the “rms” package (Liu et al., 2021) was used to construct a biomarker-based column plot model for PD risk prediction. Then, using the “pROC” package, we analyzed the ROC analysis (AUC > 0.7) of the column charts and evaluated the performance of the column charts in predicting the risk of PD, and the result was 1, which indicated that the performance was good. In addition, based on the column-line diagram prediction model, we plotted the calibration curves corresponding to the column-line diagrams. The horizontal coordinate of the calibration curve is the predicted probability and the vertical coordinate is the actual probability, and the closer the slope of the calibration curve is to 1, the more accurate the model prediction.



2.8 GSEA, gene set variation analysis

To explore the regulatory pathways or biological functions associated with target gene expression, we performed GSEA enrichment analysis. Compared with traditional enrichment analysis, GSEA enrichment analysis does not need to specify explicit differential gene thresholds, and the algorithm analyzes according to the actual overall trend, and does not miss some key information due to unreasonable screening parameters. Therefore, GSEA enrichment analysis can retain the key information without differential screening, and thus find the functional gene sets with insignificant differences but very consistent trends. The purpose of single-gene GSEA analysis is to find the regulatory pathways or biological functions associated with the expression of target genes. In this study, we calculated the correlation coefficients of the expression of all the genes with the target genes as a sorting criterion for the GSEA enrichment analysis.

For purpose of exploring functional pathways involved in biomarkers, GSEA was applied via R package clusterProfiler (version 1.58.0) (Yu et al., 2012) with adj. p < 0.05 (background gene set: KEGG: c2.cp.kegg.v2022.1.Hs.entrez.gmt), Individual biomarkers and all genes inside GSE22491 were analyzed for correlation and scored in order of correlation value. Next, expression high/low groups were classified according to biomarkers’ median expression, and significant pathways between these two groups in GSE22491 were displayed in heatmap through R packages clusterProfiler (version 1.58.0) (Yu et al., 2012) and GSVA (version 3. 15.0) (Su et al., 2022) (background gene set: h.all.v7.5.1.symbols.gmt).



2.9 Immune infiltrative analysis

To understand role that biomarkers played in immune microenvironment of PD, immune infiltration analysis was carried out in GSE22491. First infiltration abundance of immune cells in GSE22491 samples was estimated via cell type identification by estimating relative subsets of RNA transcripts (CIBERSORT). Spearman correlations among them was analyzed. After that, differences in immune cells’ proportions between PD and control samples from GSE22491 were compared, and sensibly different immune cells were selected for correlation analysis with biomarkers (p < 0.05, |r| > 0.3).



2.10 Construction of the GeneMANIA, competing endogenous RNA, and mRNA-miRNA-transcription factor networks

For the purpose of understanding the genes associated with biomarkers and functional pathways in which they are involved, GeneMANIA analysis was carried out (Franz et al., 2018). Then, Starbase3 (Li et al., 2014) and TargetScan4 databases (McGeary et al., 2019; Jia et al., 2022) were utilized to predict miRNAs targeting biomarkers, MiRNAs meeting the criteria with Conserved Sites in TargetScan database and all miRNAs predicted in the Starbase database were selected to determine the intersection and obtain the intersected miRNAs. Following this, lncRNAs targeting the intersected miRNAs were identified via the Starbase database with clipExpNum >15. A ceRNA network was acquire using Cytoscape software based on the above results. Additionally, TFs that regulate biomarkers were predicted from the ChEA3 database5 (Keenan et al., 2019), and a mRNA-miRNA-TF network was constructed.



2.11 Prediction and molecular docking analysis of potential therapeutic agents

In order to predict the drugs that affect the expression of biomarkers. Therapeutic drugs which targeting multiple biomarkers were predicted using the comparative toxicogenomics database (CTD)6 (Davis et al., 2021). Drugs with Interaction Count ≥2 and Organism Count ≥2 were selected to construct a drug-gene network with biomarkers. Subsequently, 3D crystal structures of biomarker encoded proteins were downloaded utilizing Protein Data Bank (PDB)7 (Berman et al., 2000), and saved as protein PDB format files. 2D structures of drugs were obtained from the PubChem database8 (Kim et al., 2023), and saved in SDF format, OpenBabel software was applied to convert them to PDB format for small molecule ligands. Next, water molecules and original ligands were removed by using PyMOL software, and the proteins and small molecules’ PDB files were converted to pdbqt format utilizing AutoDockTools software. Protein receptors and small molecule ligands were docked by AutoDock using.



2.12 External gene set validation

In order to assess biomarkers’ expression levels of between PD and control samples in this study, their expression trends were demonstrated by plotting box plots in GSE22491. Meanwhile, expression levels were further validated in GSE100054.



2.13 Patient sample collection and ethical clearance

We collected blood samples from 5 PD patients and 5 controls from the Second Hospital of Hebei Medical University. This study is consistent with the Declaration of Helsinki. The study involving human participants was reviewed and approved by the Ethics Committee of the Second Hospital of Hebei Medical University, and all included patients signed written informed consent for the study.



2.14 Quantitative real-time polymerase chain reaction

To demonstrate the expression levels of the biomarkers in GSE22491 and GSE100054. Total RNA from the 10 samples was extracted using the TRIzol reagent (Invitrogen, China) according to the manufacturer’s protocol. Afterwards, RNA concentrations were detected with NanoPhotometer N50. Subsequently, cDNA was generated through reverse transcription using SureScript-First-strand cDNA synthesis kit (Servicebio, China). Finally, the qPCR assay was conducted using CFX Connect Thermal Cycler (Bio-Rad, United States). The relative quantification of mRNAs was calculated using the 2-ΔΔCT method. The sequence fragments of RNAs are shown in Table 1.



TABLE 1 PCR primers.
[image: A table displaying genes with corresponding forward and reverse primer sequences. Gene AK3's forward primer is CCTGATCAGTCAGCAGCCATC and reverse primer is GCCTGTGGAAGTGTCCTTGG. RTN3's forward primer is AAGGCCATCCATTCAAACCCA and reverse primer is ACAATTGACTTGTCTGATCTCG. CYP4F2's forward primer is GGTCATCTCCCCGCATGT and reverse primer is CTGGGTTGATGGGTTCCG. LEPR's forward primer is CCATCTCTGCCTTCGGTGC and reverse primer is TCCAGCAGGCAAAGGAAGT. GAPDH's forward primer is CGAAGGTGGAAGTCAACGGATT and reverse primer is ATGGGTGGAATCATATTGAAC.]



2.15 Statistical analysis

Statistical analysis was carried out through R software (version R-4.2.2).9 Differences between samples were analyzed via Wilcox test and t-test. *p < 0.05, **p < 0.005, ***p < 0.0005; ****p < 0.00005, represented significant difference. In GSEA, judgment standard was adj. p < 0.05. Correlation coefficients and p-values were estimated utilizing Spearman correlation analysis. p < 0.05 was considered statistically significant.




3 Results


3.1 Identification of DEGs

A total of 634 DEGs were yielded between PD and control samples from GSE22491 (Supplementary material S1). Figure 2A shows the volcano map after the differential expression analysis of all genes. The heat map showed the expression and clustering of differentially expressed genes in PD group and control group (Figure 2B). Next, DEGs were analyzed for KEGG and GO enrichment, and the results showed that DEGs were involved in GO terms such as neutrophil-mediated killing of symbiont cell, regulation of vascular permeability, transmission of nerve impulse, regulation of transmission of nerve impulse (Figure 2C). Meanwhile, they were participated in four KEGG pathways containing hematopoietic cell lineage, nitrogen metabolism, neuroactive ligand-receptor interaction, Malaria (Figure 2D). Ultimately, IPA indicated that S100 family signaling pathway, gustation pathway, neutrophil extracellular trap signaling pathway, superpathway of melatonin degradation, erythropoietin signaling pathway and other classical pathways identified based on DEGs were found to be suppressed in PD (Figure 3A). Additionally, A Regulatory network of biomarkers was constructed, in which factors indirectly associated with biomarkers including Viral infection (disease-related), Cell movement (cell-related), angiogenesis (cell-related), NPM1 (TF), FOXM1 (TF), NSUN6 (gene), EGFR (chemical compound), etc., where NPM1 could indirectly inhibit FOXM1 (Figure 3B). Diseases and functional pathways identified based on DEGs including increases cardiac dilation, cardiac fibrosis, liver proliferation, increases liver hyperplasia/hyperproliferation, cytochrome p450 panel-substrate is an eicosanoid (human), etc., all of which were found to be suppressed in PD (Figures 3C,D).

[image: Panel A shows a volcano plot of differentially expressed genes, with downregulated genes in blue, upregulated in red, and non-significant in gray. Panel B presents a heatmap depicting expression distribution, with color gradients representing expression levels and sample categories. Panel C displays a network graph of genes involved in specific biological processes, with node size indicating fold change. Panel D illustrates a network of genes associated with various biological categories, where node size reflects fold change magnitude.]

FIGURE 2
 Identification of DEGs and enrichment of DEGs. (A) Volcano plot of differential expression analysis. The red dots represent up-regulated genes and the blue dots represent down-regulated genes. (B) Heatmaps of expression clusters for all genes in PD and control groups. Green represents down regulation, and orange represents up regulation. (C) The diagram shows GO enrichment of DEGs. (D) The diagram shows KEGG enrichment of DEGs.


[image: (A) Bar chart illustrating various signaling pathways with z-scores indicating activity patterns. (B) Network diagram showing interactions between cell types and processes. (C) Bar chart of biological functions with p-values marking significance. (D) Heatmap visualizing disease associations, colored by significance and sized by log p-values, across multiple categories like cancer and immunological diseases.]

FIGURE 3
 IPA analysis. (A) Classical pathway analysis using IPA in GSE22491 revealed enriched pathways for differentially expressed genes. (B) Biomarker regulatory network. (C) Disease function bar graph of differentially expressed genes in GSE22491. (D) Disease function items of differentially expressed genes.




3.2 Screening for key module

Subsequently, the R package “WGCNA” was used to check the clustering outliers of the samples. The results show that general clustering of samples in GSE22491 was good, thus there was no need to exclude samples (Figure 4A). A soft threshold was chosen as 13 because vertical coordinate R^2 approached 0.85 at this time (Figure 4B). Next, totally 24 merged modules were finally sifted out (Figure 4C). Figure 4D shows the correlation heat maps of all the genes in these 24 modules. MEgreen module was highly correlated with PD (Cor = 0.92, and p < 0.05), therefore, it was defined as the key module containing 1,144 genes (Figure 4E). There is high correlation between Module Membership (MM) and Gene Significance (GS) (Cor = 0.5, and p < 0.05) (Figure 4F). Taking intersection of DEGs, C-genes and genes in the key module resulted in 18 DECGs (Figure 5A). Figure 5B illustrated localization of DECGs on chromosomes, where the most of genes were localized on chromosome 7, including TPST1, HEPACAM2 and CNTNAP2. Enrichment analyses showed that DECGs were enriched in GO entries, including positive regulation of angiogenesis, purine ribonucleoside bisphosphate metabolic process, and 3′ − phosphoadenosine 5′ − phosphosulfate metabolic process, etc. (Figure 5C; Supplementary material S2). They were also engaged in Neuroactive ligand−receptor interaction, Purine metabolism, Biosynthesis of cofactors and other KEGG pathways (Figure 5D; Supplementary material S3). Ultimately, there had notably negatively correlations among CYP4F2, FHIT, RTN3, LYNX1, and ANGPT2 (Figure 5E).

[image: Image with six panels of gene expression data analysis:  (A) Dendrogram for sample clustering to detect outliers. (B) Two graphs showing scale independence and mean connectivity versus soft threshold power. (C) Gene dendrogram with color-coded modules. (D) Network heatmap plot of all genes. (E) Heatmap of module-trait relationships with color gradient. (F) Scatter plot correlating module membership in the green module with gene significance for Trait PD.]

FIGURE 4
 WGCNA analysis of GSE22491 and acquisition of key module. (A) Sample clustering tree diagram. (B) The selection of soft threshold power. (C) A tree diagram based on hierarchical clustering is generated. Different hues reflect different modules of co-expression. (D) Heatmap of correlation between different genes. (E) Correlation analysis between modules and PD clinical status. Blue represents negative correlation, and orange represents up positive correlation. A number inside a square shows the degree of statistical significance. (F) GS vs. MM correlation scatterplot of green module.


[image: (A) Venn diagram showing overlap among circadian genes, DEGs, and modulated genes, with color-coded counts. (B) Circular diagram illustrating gene distribution across chromosomes. (C) Network plot revealing interactions among genes involved in various metabolic processes, color-coded by category and fold change. (D) Network plot displaying interactions in pathways like neuroactive ligand-receptor interaction and purine metabolism, with fold change and node size indicators. (E) Correlation heatmap of gene expression, colored from blue (positive) to red (negative), with significance levels indicated by stars.]

FIGURE 5
 Identification of DECGs. (A) The Venn diagram shows the intersection of the green module genes of WGCNA and DEGs and C-genes. (B) The diagram shows the localization of DECGs on chromosomes. (C) The chordal graph shows GO enrichment of DECGs. (D) The chordal graph shows KEGG enrichment of DECGs. (E) Correlation heat map of DECGs. Red represents negative correlation, and blue represents positive correlation. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.




3.3 Biomarkers had terrific ability for distinguishing PD from control samples

To identify biomarkers, we screened 18 circadian rhythm-associated differential genes by the Lasso model, when lambda = 0.0046, error rate was the lowest, and five genes (AK3, RTN3, CYP4F2, LEPR, and HEPACAM2) were obtained at this point (Figure 6A). Four genes (AK3, RTN3, CYP4F2, and LEPR) were also yielded via SVM-RFE (Figure 6B). Four critical genes, namely AK3, RTN3, CYP4F2, and LEPR, were identified after taking intersection of genes obtained by LASSO and SVM-RFE (Figure 6C). In GSE22491 and GSE100054, AUC values of AK3, RTN3 and LEPR all exceeded 0.7, indicating that they had terrific ability for distinguishing PD from control samples, thus they were defined as biomarkers (Figure 6D). Corners of ROC curve indicated optimal critical value point, with the values in parentheses Specificity and Sensitivity, respectively. It could be seen that sensitivity and specificity of optimal critical value points in all ROC curves were high [AK3 (1,1), RTN3 (1,1), CYP4F2 (1,1), and LEPR (1,0.9)], and false positives and false negatives were also the least, which indicated that AUC of ROC curve was the most desirable examination index at this time. Additionally, C-index of nomogram was 1, suggesting that diagnostic model had a nice ability for predicting PD patients. In calibration curve, “Apparent,” “Bias−corrected,” and “Ideal” curves were almost coincident, and their slopes were closed to 1, suggesting that diagnostic model could prediced PD patients accurately, AUC of diagnostic model was 1 further validated that it could prediced PD patients well, DCA curve showed that nomogram curve was higher than ALL and None curves, indicating that the diagnostic model could be applied to PD patients (Figures 6E–H).

[image: A series of figures displaying statistical analyses: (A) Lasso regression graphs with log lambda values, coefficient paths, and binomial deviance. (B) Feature selection plot showing 10-fold cross-validation error. (C) Venn diagram comparing Lasso and SVM features. (D) ROC curves for AK3, CYP4F2, LEPR, and RNT3 across two datasets, showing AUC and confidence intervals. (E) Nomogram for predicting points and risk of PE. (F) Calibration plot for overall survival prediction. (G) ROC curve with 100% AUC. (H) Decision curve analysis comparing models with net benefit versus high-risk threshold.]

FIGURE 6
 Identification of molecular biomarkers determined by machine learning and evaluation of their diagnostic value. (A) LASSO regression analysis. (B) SVM machine learning analysis. (C) The Venn diagram shows the LASSO regression analysis and SVM machine learning analysis results. (D) ROC curves of AK3, RTN3, CYP4F2 and LEPR in GSE22491 and GSE100054. (E–H) The nomogram, calibration curve, prediction model ROC curve and decision curve analysis of GSE22491 were performed.




3.4 Biomarkers were associated with PD related pathways

For exploring functional pathways involved in biomarkers, GSEA was carried out. KEGG enrichment results showed that AK3 positively regulated SPLICEOSOME, RIBOSOME, CELL_CYCLE and CITRATE CYCLE TCA_CYCLE pathways and negatively regulated MATURITY ONSET DIABETES OF THE_YOUNG pathway. The RTN3 negatively regulated the CELL_CYCLE, SPLICEOSOME, PARKINSONS_DISEAS, UBIQUITIN_MEDIATED PROTEOLYSIS and PATHOGENIC ESCHERICHIA_COLLINFECTION pathways. The LEPR positively regulated the PARKINSONS DISEASE, OXIDATIVE_PHOSPHORYLATION, SPLICEOSOME, ALZHEIMERS DISEASE and HUNTINGTONS DISEASE pathways (Figure 7A). Meanwhile, pancreas beta cells, apical surface, hedgehog signaling, kras signaling, heme metabolism, oxidative phosphorylation and other hallmark pathways were simultaneously and differentially enriched in high/low expression groups for each biomarker (Figure 7B).

[image: Panel (A) shows three line graphs depicting running enrichment scores for AK3, RTN3, and LEPR, highlighting KEGG pathways like spliceosome and cell cycle. Panel (B) presents three heatmaps for AK3, RTN3, and LEPR, indicating clinical groups and hallmark gene sets with a color scale from red (high) to blue (low).]

FIGURE 7
 GSEA and GSVA analysis of AK3, RTN3 and LEPR. (A) GSEA analysis results of AK3, RTN3 and LEPR. (B) GSVA analysis heatmap of AK3, RTN3 and LEPR.




3.5 Biomarkers was important for PD’s immune microenvironment

Next, we used CIBERSORT to assess the relative abundance of 22 immune cells per sample in the training set GSE22491. It could be seen from the stacked plot that the monocytes occupied a relatively high proportion in GSE22491 samples (Figure 8A). Besides, the highest positive correlation was found between M1 macrophages and resting dendritic cells (Cor = 1, p < 0.05) (Figure 8B). The box plot revealed notable differences in the proportion of M0 macrophages, naive B cells, activated NK cells, resting mast cells, monocytes, between PD and control samples, except the activated NK cells, the other four immune cell types were highly expressed in control samples (Figure 8C). Apparently, LEPR was strongly negatively correlated with activated NK cells (Cor = −0.65, p < 0.05) (Figure 8D).

[image: This composite image contains four panels of data visualizations related to cell types and Parkinson's Disease (PD) research.   Panel A displays a stacked bar chart comparing the estimated proportions of various cell types between control and PD groups.  Panel B presents a correlogram illustrating the correlation coefficients among different cell types, showing positive and negative interactions.  Panel C includes a boxplot comparing the estimated proportions of cell types across control and PD groups, highlighting differences and significance levels.  Panel D features a heatmap of correlation values between selected genes (LEPR, RTN3, AK3) and specific cell types like B cells naïve and monocytes.]

FIGURE 8
 Immune infiltration analysis of GSE22491. (A) Distribution of 22 kinds of immune cells in PD and control groups. (B) Correlation analysis and heat map of 22 immune cells. Red represents negative correlation, and blue represents positive correlation. (C) Boxplot of infiltration of 22 immune cells in PD and control groups. (D) Heat map for correlation analysis of biomarker (AK3, RTN3 and LEPR) and five immune cells (B cells naïve, NK cells activated, Monocytes, Macrophages M0 and Mast cells resting). “×“means statistically significant. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = no significance.




3.6 The GeneMANIA, ceRNA, and mRNA-miRNA-TF networks

A total of 20 genes associated with biomarkers were predicted through GeneMANIA database, and they were involved in 7 pathways. Among these pathways, LEP, RTN4, APOD, ZFYVE27, SOD1, and LEPR collectively played a role in developmental growth (Figure 9A). AK3, LEPR, and RNT3, respectively, correspond to 10, 5, and 4 intersected miRNAs targeting them (Figure 9B). In the ceRNA network, there was a phenomenon where one lncRNA simultaneously regulated multiple miRNAs at the same time was existed. For example, MALAT1 could simultaneously target hsa-miR-1-3p, hsa-miR-205-5p, etc., while NEAT1 could simultaneously target hsa-miR-181a-5p, hsa-miR-181b-5p, etc. (Figure 9C). The ceRNA network related information of the three molecular markers is shown in Table 2. Besides, AK3, LEPR, and RNT3 were, respectively, corresponded to 13 TFs, 8 TFs, and 30 TFs (Table 3). Among these TFs, CTCF could regulate both AK3 and RNT3, MYOG could simultaneously regulate AK3 and LEPR, and ZNF143 could regulate LEPR and RNT3 at the same time. Furthermore, an mRNA-miRNA-TF network containing relationship pairs such as PAX5-AK3, GATA2-LEPR, FOXP2-RTN3 was constructed (Figure 9D).

[image: (A) Network diagram illustrating various types of biological interactions, including physical interactions, co-expression, and pathways, with a legend explaining the color coding. (B) Three Venn diagrams comparing gene counts detected by TargetScan and Starbase, with overlapping regions indicating shared genes. (C) Network graph showing interactions between genes and miRNAs, with nodes color-coded for different entities. (D) Network diagram depicting transcription factors and their interactions with miRNAs, with connections shown as lines. Each visual element is labeled for clarity, emphasizing relationships and interactions among biological entities.]

FIGURE 9
 Interaction network of AK3, RTN3 and LEPR. (A) Gene–gene interaction network of AK3, RTN3 and LEPR. (B) Venn diagram shows the common miRNA of AK3, RTN3 and LEPR in the TargetScan and Starbase databases. (C) The ceRNA regulatory network of AK3, RTN3 and LEPR. Red is the biomarkers; blue is the miRNAs and green is the lncRNAs. (D) mRNA-miRNA-TF network of AK3, RTN3 and LEPR. Biomarkers are shown in green, miRNA in purple, and TF in blue.




TABLE 2 The ceRNA network information of RTN3, LEPR, and AK3.
[image: A table displays associations between mRNA, miRNA, and lncRNA. The mRNA columns include RTN3, LEPR, and AK3. The miRNA entries are specific microRNAs like hsa-miR-205-5p and hsa-miR-30e-5p. The lncRNA column includes targets such as GAS5, MALAT1, and AL137129.1. Some entries indicate "No lncRNA target." The table illustrates complex interactions across these genetic elements.]



TABLE 3 Gene and transcription factors (TFs).
[image: Table displaying genes and corresponding transcription factors. For gene AK3, the transcription factors are TCF7L2, PAX5, ZKSCAN1, ELF1, RELA, ZNF384, TCF3, MYC, KDM5B, HNF4A, MYOD1, MYOG, CTCF. For LEPR, they are EGR1, SP1, GATA2, RFX5, YY1, GABPA, MYOG, ZNF143. For RTN3, factors include FOXP2, MAFK, JUND, CEBPB, NFIC, REST, TEAD4, MAX, BHLHE40, E2F4, GATA3, NRF1, FOS, MXI1, TAL1, ARID3A, ATF1, TBP, MAFF, MAZ, CUX1, E2F1, GTF2B, FOXA1, CTCFL, SETDB1, GATA1, JUN, CTCF, ZNF143.]



3.7 Prediction of potential therapeutic agents

The 14 potential therapeutic agents were identified based on biomarkers, each of which had different effects on biomarkers expression. For instance, bisphenol A increased expression of AK3, RTN3 and LEPR, while Aflatoxin B1 inhibited expression of both RTN3 and LEPR. A drug-gene network was constructed, including relationship pairs such as cadmium Chloride-AK3, Estradiol-LEPR, Cyclosporine-RTN3 and other relationship pairs was constructed (Figure 10A). Eventually, AK3 was molecularly docked with doxorubicin. Forming two hydrogen bonds including GLU-105 and LYS-102 (Figure 10B). RNT3 was docked to acetaminophen, forming two hydrogen bonds (LEU-488 and GLY-489) (Figure 10C). LEPR was molecularly docked to bisphenol A by three hydrogen bonds including GLN-677, SER-719 and ASP-635 (Figure 10D). The molecular docking energies of AK3 and doxorubicin, RTN3 and acetaminophen, and LEPR and bisphenol A were − 4.04 kcal/mol, −3.14 kcal/mol, and − 3.735 kcal/mol, respectively.

[image: (A) A network graph illustrating interactions among chemicals and proteins, with nodes representing proteins (green) and chemicals (red, yellow, cyan). (B) Molecular illustration of AK3 and Doxorubicin binding, showing interactions with residues LYS-102 and GLU-205. (C) Molecular depiction of RTN3 and Acetaminophen interaction, highlighting residues GLU-488 and GLU-489. (D) Molecular illustration of LEPR and Bisphenol A interaction, emphasizing residues GLN-871 and GLY-718.]

FIGURE 10
 Prediction of drugs that affect biomarkers expression and molecular docking. (A) The network interaction map showed the drug target prediction. Biomarkers are shown in green. Drugs that upregulate target genes are represented in red; drugs that downregulate target genes are represented in blue; and drugs that affect target genes are represented in yellow. (B) Molecular docking of AK3 and doxorubicin. (C) Molecular docking of RTN3 and acetaminophen. (D) Molecular docking of LEPR and bisphenol A.




3.8 Gene expression levels in GEO data sets and qRT-PCR experiments

To demonstrate the expression levels of the biomarkers in GSE22491 and GSE100054, we performed qRT-PCR experiments. In GSE22491, AK3 and LEPR in PD patients were significantly down-regulated, while CYP4F2 and RTN3 were significantly up-regulated (Figure 11A). In GSE100054, AK3 was down-regulated in PD patients, while LEPR and RTN3 were significantly up-regulated (Figure 11B). In the qRT-PCR test, AK3 was down-regulated (p = 0.0433) and RTN3 up-regulated (p = 0.0283) in PD, and the expression was consistent with the results in GEO datasets. CYP4F2 was up-regulated in PD, and LEPR was not differentially expressed. The qRT-PCR results are shown in Figures 11C–F.

[image: Graphs displaying gene expression comparisons between Control and PD groups. (A) and (B) show box plots for AK3, CYP4F2, LEPR, and RTN3 from datasets GSE22491 and GSE100054. (C)-(F) are bar graphs comparing relative expression levels of these genes to GAPDH. Significant differences are indicated by asterisks: AK3 (*), CYP4F2 (*), LEPR (ns), RTN3 (**).]

FIGURE 11
 The expression levels of the four genes (AK3, CYP4F2, LEPR and RTN3) were analyzed in the GEO datasets and verified by q-PCR. (A) The expression level of genes in GSE22491. (B) The expression level of genes in GSE100054. (C) Gene expression level of AK3 was determined by q-PCR. (D) Gene expression level of CYP4F2 was determined by q-PCR. (E) Gene expression level of LEPR was determined by q-PCR. (F) Gene expression level of RTN3 was determined by q-PCR. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = no significance.





4 Discussion

Parkinson’s disease is the second most common neurodegenerative disease, and its incidence is increasing year by year (Emamzadeh and Surguchov, 2018). PD-related symptoms have a serious impact on the normal life of patients and their families. The current diagnosis of PD is based on clinical criteria that require the presence of retardation along with at least one motor symptom, such as tremor, stiffness, or postural instability (Tolosa et al., 2021). However, the latency period from the first non-motor symptoms of Parkinson’s disease to meeting the current diagnostic criteria for PD can range from 5 to 20 years, and we also call this period the prodromal phase of PD. Through the study of body fluid and tissue biomarkers, clinical non-motor symptoms and neuroimaging related to PD prodromal stage, it can provide new ideas for relieving and preventing PD motor symptoms. Many processes in the human body, including brain function, are regulated over a 24-h cycle, and there is a strong association between circadian rhythm disturbances, such as sleep–wake cycles, and central nervous system disorders. Studies have shown that 80% of PD patients suffer from sleep–wake disorders, and nighttime hypertension is almost universal in PD patients, and patients’ blood pressure often reverses, with nighttime blood pressure higher than daytime levels (Hunt et al., 2022). Although various circadian rhythm real-time detection instruments have been used to observe the rhythm disturbance in PD patients, the mechanism of circadian rhythm disturbance in PD patients and the impact of circadian rhythm disturbance on the occurrence and development of PD are not clear.

The purpose of this study was to screen out blood molecular markers related to prodromal Parkinson’s disease on the one hand, and to explore the relationship and mechanism between circadian rhythm disturbance and PD development on the other hand. We analyzed the expression of circadian rhythm-related genes and the enrichment of functional pathways in PD patients by bioinformatics. In addition, we used machine learning methods to screen out candidate markers with diagnostic value, and used other data sets to conduct external validation with clinical patient blood samples. Elize Aparecida Santos Musachio et al. found that bisphenol A can cause changes in drosophila Parkinson’s disease through oxidative stress (Musachio et al., 2020). Drug target prediction indicated that bisphenol A could up-regulate the expression of LEPR, AK3 and RTN3 (Ptak and Gregoraszczuk, 2012; Thongkorn et al., 2019; Ooi et al., 2021). The interaction of the three molecular markers is shown in Figure 12.

[image: Flowchart illustrating connections between sleep, circadian rhythms, and neurodegenerative diseases. It shows pathways involving sleep deficit, circadian regulation, and compounds like bisphenol A. Key elements include AK3, RTN3, and LEPR, affecting neuronal lipid disorders and circadian rhythm of lipid metabolism. Certain drugs and compounds influence these pathways. The chart also connects microRNA and different RNA types with these processes and factors.]

FIGURE 12
 Mechanistic diagram of circadian rhythm-related molecular markers.


The leptin protein receptor, encoded by the LEPR gene, act as a regulator of energy homeostasis and feeding behavior (Yin X. et al., 2022; Yin Z. et al., 2022). Adipose tissue, a metabolically active organ, showing highly rhythmic behavior. MADRID et al. found that the expression of LEPR, which is related to fat metabolism, showed obvious rhythmic behavior (Garaulet et al., 2011). In contrast, Wang et al. found that the expression of the LEPR gene was significantly elevated in PD patients compared to healthy controls (Yin X. et al., 2022; Yin Z. et al., 2022). This contradicts our results. Leptin maintains cell survival in neuronal SH-SY5Y cells by maintaining ATP levels and mitochondrial membrane potential to resist MPP+ toxicity (Parkinson’s disease model) (Shin et al., 2011). The up-regulation of the LEPR gene may indicate that neurons activate feedback protection or that early downregulation of LEPR activates a cascade that promotes upregulation. Analyzing the expression of LEPR in different stages of PD development is of great significance for exploring the occurrence, development, and etiology of PD.

Reticulon 3 (RTN3), which is a member of the reticulon family of proteins, that is preferentially expressed in neuroendocrine tissues. Additionally, it has been discovered that RTN3 interacts with beta-amyloid converting enzyme 1 (BACE1), an enzyme that starts the production of amyloid peptides from amyloid precursor protein and reticulon proteins are negative modulators of BACE1 in cells (Sharoar and Yan, 2017). Sleep deprivation affects transcriptome levels in the blood, disrupting their circadian regulation and exacerbating the effects of acute total sleep deprivation. RTN3 is one of the genes affected by circadian rhythms (Möller-Levet et al., 2013). Studies have revealed that RTN3 is a particular receptor for the breakdown of endoplasmic reticulum tubules (Grumati et al., 2017). RTN3 belongs to the reticulin family, which is most abundant in the brain, and it is frequently activated in response to endoplasmic reticulum stress. Down-regulation of RTN3 has been demonstrated to enhance the clearance of cytoplasmic PrP aggregates, restore the activity of the ubiquitin proteasome system, and reduce endoplasmic reticulum stress, and the clearance of cytoplasmic PrP aggregates has been shown to suppress apoptosis. Therefore, the targeted suppression of RTN3 expression helps to lower the stress level of neuronal cells and stop the progression to apoptosis (Chen et al., 2011). In this study, the expression of RTN3 was up-regulated in PD patients, which may serve as a potential target for future treatment of organelle oxidative stress and inhibition of neuronal apoptosis in PD patients. Some studies have found that PD patients have more peripheral natural killer (NK) cells than non-PD controls, and Rachael H Earls et al. demonstrated that NK cells successfully internalize and destroy α-syn aggregates via the endosome/lysosome route (Earls and Lee, 2020; Earls et al., 2020). In this study, immunoinfiltration analysis revealed that the number of activated NK cells in the peripheral blood of Parkinson’s disease patients was greater than in the control group. This finding proves and supplements the results of prior investigations. In the correlation analysis between biomarkers and immune cells, RTN3 showed a high positive correlation with activated NK cells. The increased expression of RTN3 in PD patients may be a significant target in the process of encouraging the aggregation of NK cells, offering a fresh perspective on how α-syn is degraded. Sacha Bohler et al. have suggested that acetaminophen overdose is a potential risk factor for Parkinson’s disease (Bohler et al., 2019). Acetaminophen can up-regulate the expression of RTN3 (Yu et al., 2018). Aya Yassin Labib et al. found that acetaminophen had a neuroprotective effect on rotenone-induced Parkinson’s disease in rat models (Labib et al., 2021). Different doses of acetaminophen may have different effects on PD, which requires us to find out the answer in further large-scale clinical studies and related experiments.

Adenylate Kinase 3 (AK3) is a Protein Coding gene. Diseases associated with AK3 include Reticular Dysgenesis and Orofacial Cleft 8. AK3 functions to participate in the maintenance of cellular nucleotide homeostasis by catalyzing interconversion between nucleotides. Down-regulation of genes in the substantia nigra may be regarded as a result of dopaminergic cell death. Paula Garcia-Esparcia et al. discovered that the expression of AK3 was down-regulated in the substantia nigra at stages 3–6 (Garcia-Esparcia et al., 2015). In GEO database and q-PCR verification, AK3 was down-regulated in PD groups. Doxorubicin results in decreased expression of AK3 mRNA (Vijay et al., 2016; Verheijen et al., 2018). A prominent feature of Parkinson’s disease is α-syn protein aggregation, and there have been cases where patients undergoing Doxorubicin are prone to Parkinson-like symptoms. It may be due to protein aggregation caused by Doxorubicin (Garg and Sinha, 2022).

In this study, by means of GSVA and GSEA enrichment analysis, three core biomarkers were significantly enriched in key biological processes such as OXIDATIVE_PHOSPHORYLATION, DNA_REPLICATION and DNA_REPAIR. Some studies have confirmed that the oxidative phosphorylation activity of rat brain mitochondria is regulated by rotenone and melatonin, showing a significant circadian rhythm (Spira and Spiegel, 1992). This finding not only highlights the central role of mitochondrial function in the pathological mechanism of PD, but also reveals the underlying circadian regulation mechanism. At the same time, it is particularly worth mentioning that the regulatory effect of melatonin on health and disease states has also been fully confirmed (Reiter et al., 2021). Studies have shown that melatonin can promote the transition from aerobic glycolysis to mitochondrial oxidative phosphorylation in solid tumor cells and other pathological cells (including Alzheimer’s disease, fibrosis lesions, macrophage hyperactivation, etc.). This mechanism may be the cornerstone of its inhibition of disease development and maintenance of health. In addition, the roles of key enzymes in DNA repair and replication, as well as their important roles in the pathogenesis of neurodegenerative diseases, have also been investigated (Catarzi et al., 2022). The changes in the activities of these enzymes not only reflect the stability of the DNA repair system, but also may be used as biomarkers for the early diagnosis of neurodegenerative diseases such as PD, providing a new perspective and direction for the early intervention and treatment strategies of the disease. Taken together, these findings not only enrich our understanding of the pathogenesis of PD and other neurodegenerative diseases, but also provide valuable scientific evidence for the development of future disease diagnosis and treatment strategies, especially for the exploration of new therapeutic targets based on mitochondrial function and DNA repair systems.

In our study, three key genes related to circadian rhythm were identified by bioinformatics analysis, which were AK3, RTN3 and LEPR. In addition, we constructed a diagnostic prediction model and proved that the model had good diagnostic prediction ability. Functional enrichment showed that these three biomolecular markers played an important role in the pathogenesis and development of PD. Analysis of immune infiltration AK3, RTN3 and LEPR may be involved in the progression of PD by regulating NK cells. However, how these genes contribute to PD progression by influencing related genes still needs to be further investigated in clinical trials. The mechanism of the influence of the three genes on circadian rhythm needs to be further studied in the experiment. These key genes may serve as new biomarkers of PD in the future and provide more references for the exploration of the pathogenesis of PD in the future. And we will continue to pay attention to the research progress of circadian rhythm and Parkinson’s disease.

There are some limitations to this study. First, this study mainly uses bioinformatics analysis to process transcriptome data in public databases, and although the gene-chip results may be flawed, the data used is rigorously processed and screened. Since this study is a preliminary exploration, a small sample size is used for rapid verification, and the results will provide a basis for subsequent large-scale studies. Although this study had a small sample size and was not disaggregated by sex, we have taken various measures to ensure the accuracy and reliability of the data. Secondly, we realized that the sample size of the current study was limited, so we tried different data sets for verification, and verified by experimental means. The combination of the three obtained a credible result to further ensure its potential application value. Finally, since the current AUC value of the model is 0.7, although it shows certain predictive ability, in order to ensure the applicability of the model in clinical practice, we recognize that a larger number of samples are needed for further experiments and validation. In the future, we will increase the study sample size, classify the sexes, and add more experimental validation, such as protein level verification, gene editing experiments, etc., to ensure the robustness and generalization ability of the model.
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Background: Previous studies have evaluated the safety and efficacy of transcutaneous auricular vagus nerve stimulation (taVNS) for the treatment of Parkinson’s disease (PD). However, the mechanism underlying the effect of taVNS on PD remains to be elucidated. This study aimed to investigate the immediate effects of taVNS in PD patients.
Methods: This crossover self-controlled study included 50 PD patients. Each patient underwent three sessions of resting-state functional magnetic resonance imaging (rs-fMRI) under three conditions: real taVNS, sham taVNS, and no taVNS intervention. We analyzed whole-brain amplitude of low-frequency fluctuations (ALFF) from preprocessed fMRI data across different intervention conditions. ALFF values in altered brain regions were correlated with clinical symptoms in PD patients.
Results: Forty-seven participants completed the study and were included in the final analysis. Real taVNS was associated with a widespread decrease in ALFF in the right hemisphere, including the superior parietal lobule, precentral gyrus, postcentral gyrus, middle occipital gyrus, and cuneus (voxel p < 0.001, GRF corrected). The ALFF value in the right superior parietal lobule during real taVNS was negatively correlated with the Unified Parkinson’s Disease Rating Scale Part III (r = −0.417, p = 0.004, Bonferroni corrected).
Conclusion: TaVNS could immediately modulate the functional activity of brain regions involved in superior parietal lobule, precentral gyrus, postcentral gyrus, middle occipital gyrus, and cuneus. These findings offer preliminary insights into the mechanism of taVNS in treating PD and bolster confidence in its long-term therapeutic potential. TaVNS appears to reduce ALFF values in specific brain regions, suggesting a potential modulation mechanism for treating PD.

Keywords
 Parkinson’s disease; transcutaneous auricular vagus nerve stimulation; functional magnetic resonance imaging; amplitude of low-frequency fluctuations; neuroimaging; Auricular therapy


1 Introduction

Parkinson’s disease (PD) is a degenerative disease marked by bradykinesia, tremor, and rigidity, severely impacting patients’ quality of life (GBD 2016 Parkinson’s Disease Collaborators, 2018). As the fastest-growing neurodegenerative disease, global burden of PD has more than doubled in the past 20 years due to increased prevalence, disability, and mortality (GBD 2016 Parkinson’s Disease Collaborators, 2018; Deuschl et al., 2020). Consequently, to mitigate this health burden, efforts to delay disease progression and enhance patient quality of life are crucial.

Current PD treatments include levodopa, dopamine agonists, and monoamine oxidase inhibitors, with levodopa being the primary choice for improving motor function (Jankovic and Tan, 2020; Bloem et al., 2021). However, as the disease progresses, patients often experience motor fluctuations, gait freezing, and levodopa resistance, which complicate treatment and are resistant to conventional therapies (Nonnekes et al., 2016; Hvingelby et al., 2022). Hence, there is a need for novel approaches to reduce movement disorders with fewer side effects.

Neuromodulation techniques, such as transcranial magnetic stimulation (TMS), transcranial direct current stimulation have shown promise as adjuvant therapies for treating PD symptoms (Zhang W. et al., 2022; Broeder et al., 2023). However, these approaches have limitations in targeting deep brain structures affected early in PD pathology (Zhang W. et al., 2022). Vagus nerve stimulation (VNS) is a promising neuromodulation technique used for various neurological and psychiatric disorders, including headaches, depression, and epilepsy (Goggins et al., 2022). Preclinical studies indicate that VNS can enhance locomotor control, reduce neuroinflammation, increase brain-derived neurotrophic factor (BDNF), and mitigate neuronal damage in PD models (Farrand et al., 2017; Farrand et al., 2019; Kin et al., 2021; Hosomoto et al., 2023). Despite its potential, VNS is invasive and requires surgical implantation (Lench et al., 2023). Consequently, noninvasive transcutaneous auricular vagus nerve stimulation (taVNS) has garnered interest (Goggins et al., 2022). Preclinical studies suggest that taVNS can alleviate motor deficits by increasing tyrosine hydroxylase expression and reducing neuroinflammation in 6-OHDA model rats, demonstrating similar efficacy and mechanisms to VNS (Jiang et al., 2018; Kin et al., 2021; Hosomoto et al., 2023). Meanwhile, two clinical studies further supported the safety and efficacy of taVNS in patients with PD (Marano et al., 2022; Lench et al., 2023). These findings highlight taVNS as a promising neuromodulator for PD treatment, with growing interest in its mechanisms.

Resting-state functional magnetic resonance imaging (rs-fMRI) is a technique developed for studying the intrinsic neurological activity of individuals. The amplitude of low-frequency fluctuation (ALFF) is a rs-fMRI analysis method that reflects the intensity of spontaneous neural activity in brain regions (Zang et al., 2007). Our recent research suggests that ALFF is crucial for understanding taVNS efficacy. We found that taVNS modulates the sensorimotor network in insomnia patients and the default mode network in migraine patients (Wu et al., 2021; Fu et al., 2022). Additionally, taVNS affects the cognitive control network and salience network in depression (Sun et al., 2023). Based on these findings, we hypothesize that ALFF may also reflect the mechanisms of taVNS in PD. This study aims to explore the immediate effects of taVNS in PD patients using a crossover design with three fMRI scanning sessions (baseline, real taVNS, and sham taVNS). We will compare ALFF differences among conditions to test the hypothesis that taVNS modulates brain function in PD patients. This research may provide insights into the neural mechanism of taVNS for treating PD.



2 Methods


2.1 Participants

This single-blinded, randomized, self-controlled study included 50 participants diagnosed with Parkinson’s disease (PD) between April 2021 and October 2022. Participants were recruited from the Outpatient Department of Parkinson Disease at the Second Affiliated Hospital of Guangzhou University of Chinese Medicine. The study protocol was registered on the Chinese Clinical Trial Registry.1 Informed consent was obtained from all participants.



2.2 Eligibility criteria

Inclusion Criteria

	1. Diagnosis of PD according to the UK Brain Bank Parkinson’s Disease criteria (Wei et al., 2022).
	2. Stable-dose anti-PD treatment for at least 2 months before enrollment.
	3. No history of antidepressant treatment (e.g., psychotherapy, medication therapy, electroconvulsive shock).
	4. No use of analgesics, anesthetics, or hypnotics for at least 1 month before the screening visit.
	5. Right handed.
	6. Medication OFF state during clinical measurement and fMRI scanning.

Exclusion Criteria

1. Other forms of parkinsonism or secondary PD.

2. History of major psychiatric illnesses (e.g., schizophrenia, somatization disorder) or antipsychotic drugs (e.g., olanzapine, risperidone).

3. History of dementia or severe cognitive dysfunction according to the Mini-Mental State Examination (MMSE) score (MMSE ≤24) (Li et al., 2016).

4. MRI evidence of cerebrovascular disease, epilepsy, tumor, or other organic brain lesions.

5. I Internal mental implants (e.g., insulin pump, cardiac pacemaker) or history of brain operation (e.g., Gamma Knife, deep brain stimulation).

	6. Patients with a history of other clinically significant medical illnesses or drug abuse.
	7. Allergies to metal or damage/inflammation at the auricle.
	8. Pregnant or lactating;
	9. Participation in other clinical research trials within the last 6 months.



2.3 Clinical assessment

All participants were assessed using the Movement Disorder Society Unified Parkinson’s Disease Rating Scale (UPDRS), which includes 4 parts reflecting nonmotor experiences of daily living (UPDRS-I), motor experiences of daily living (UPDRS-II), motor examination (UPDRS-III) and motor complications (UPDRS-IV). Motor dysfunction scores were calculated from UPDRS-III for both left and right sides.

Quality of life and non-motor symptoms were evaluated using the 39-item Parkinson’s Disease Questionnaire (PDQ), the 30-item Nonmotor Symptoms Scale (NMSS), and the 12-item Mini-Mental State Examination (MMSE), respectively.



2.4 Intervention and randomization

An electric device (Hwato, SDZ-IIB, Suzhou, China) with an enhanced stimulator, used in previous studies, was employed for the intervention (Figure 1; Wu et al., 2021; Zhang et al., 2021). Real taVNS was applied at the left cymba concha, while sham taVNS was applied at the left tail of the helix. Both interventions used the same stimulation parameters: a dilatational wave (on–off cycle stimulation) of 20/100 Hz with a pulse width of 0.2 ms. Intensity was adjusted based on participants’ subjective feelings (usually 1 mA to 2.5 mA) (Fu et al., 2022; Wen et al., 2023). To minimize the effect of the intervention sequence, a 1:1 crossover protocol was used (Shen et al., 2020; Borgmann et al., 2021). Participants will first undergo an 8-min baseline fMRI scan without any stimulation. They will then be randomized into two groups: one group will receive 8 min of real taVNS followed by 8 min of sham taVNS, with a 1-h interval between the two scans. The other group will receive 8 min of sham taVNS followed by 8 min of real taVNS, also with a 1-h interval between the scans All treatments were conducted by an experienced acupuncturist who did not participate in final statistical analysis.

[image: Flowchart depicting fMRI scanning procedures involving transcutaneous auricular vagus nerve stimulation (taVNS). The process includes two paths: one begins with fMRI scanning without taVNS, leading to either real or sham taVNS, followed by further fMRI scanning. The timeline shows intervals of eight minutes and one hour between stages. Images of ears connected to taVNS devices indicate the stimulation type.]

FIGURE 1
 Study design for sham-controlled transcutaneous auricular vagus nerve stimulation (taVNS) within the fMRI scanning. All participants completed the study on one testing days. Participants would first receive an 8-min baseline fMRI scanning without any stimulation. Then, they were randomized into 2 group. One would receive an 8-min fMRI scanning with real taVNS followed by an 8-min fMRI scanning with sham taVNS. The other group would change the order of the real and sham taVNS. The interval between real and sham taVNS is 1 h.




2.5 MRI data acquisition

All participants underwent three fMRI scans on a 3.0-T Philips Ingenia MR scanner with a standard 32-channel head coil. Before scanning, patients wore earplugs to reduce the noise of the scanner. Earplugs were used to reduce scanner noise, and sponge pads were fixed around the head to minimize motion. Participants were instructed to stay quiet, awake, and with eyes closed. After scanning, experienced neuroradiologists verified routine T2 MRI for abnormalities.

A three-dimensional, high-resolution T1-weighted sequence was used to acquire whole-brain structural data, whose parameters were as follows: acquisition time = 314 s matrix = 320 × 300 × 280 slices, repetition time (TR) = 1.0 ms, echo time (TE) = 4.7 ms, slice gap = 0 mm, flip angle = 8°, field of view (FOV) = 256 × 240 × 224, voxel size = 0.8 × 0.8 × 0.8 mm. Functional images were obtained with the following parameters: acquisition time = 486 s matrix = 64 × 61 × 38 slices, TR = 2000 ms, TE = 30 ms, slice gap = 0.25 mm, dynamic scans = 240, flip angle = 90°, FOV = 240 × 240 × 142, voxel size = 3.75 × 3.75 × 3.5 mm. The parameters of T2-weighted were as follows: TR = 748 ms, TE = 30 ms, FOV = 230 mm × 183 mm, matrix = 256 × 163, flip angle = 8°, slice thickness = 60 mm, slice = 25, acquisition time = 123 s.



2.6 Data preprocessing

Functional images were preprocessed using CONN 21.0 (Whitfield-Gabrieli and Nieto-Castanon, 2012). For each participant’s data, the first 10 volumes of each condition were discarded, followed by slice timing correction using the middle slice as a reference. Realignment was performed to correct for rigid body-motion. Individual EPI images were coregistered to individual T1 images and spatial normalization to the standard Montreal Neurological Institute template with a resample resolution of 2 × 2 × 2-mm voxels. Data were smoothed with a Gaussian kernel at a full width at half maximum of 6 mm. Subjects with mean frame displacement >0.2 mm were excluded to reduce motion effects, as in our previous study (Zhang et al., 2021). We identified outlier time points in the motion parameters and global signal intensity using ART implemented with the CompCor procedure. Linear regression model was used to regress out the confounding factors (head motion parameters of the 24-parameter model, white matter, cerebrospinal fluid and outliers) from the time series of each voxel, and the linear trends were removed.



2.7 ALFF analysis

ALFF analysis was performed using the CONN-fMRI toolbox. After the aforementioned preprocessing, a bandpass filter (0.01–0.08 Hz) was applied to extract the time series of each voxel and convert them to the frequency domain using fast Fourier transform. The ALFF value is defined as the square root of the power spectrum. Finally, a Z-score transformation was used for the ALFF for convenient subsequent statistical analysis.



2.8 Statistical analysis

Repeated measures ANOVA was used to evaluate differences in the ALFF among the conditions. The statistical significance thresholds were defined as p < 0.001 (voxel level, uncorrected) and p < 0.05 (cluster level, Gaussian random field (GRF) corrected). Because the voxel values in the statistic image are not spatially independent due to inherent properties of the MR imaging process, functional connections in brain and BOLD signal properties, the family-wise error rate correction would give conservative thresholds. While GRF correction gives fewer conservative tests for estimating and taking into account the spatial smoothness which is a widely used multiple comparisons correction method in fMRI studies (Tillikainen et al., 2006; Fasiello et al., 2022). Then, we extracted the mean ALFF value of each cluster in each condition post-hoc in SPSS 24.0. Only the clusters whose ALFF value in the real taVNS condition were significantly different from those in both the sham taVNS condition and the baseline condition were analyzed for correlations between the ALFF values and clinical scale scores using Pearson correlation. A threshold of p < 0.05 (Bonferroni corrected) was applied for multiple comparisons in the correlation analysis.




3 Results


3.1 Demographic and clinical data

Out of 50 participants recruited, all completed the fMRI scan and clinical assessments. Quality control excluded 3 participants due to head motion with frame displacement (FD) > 0.2 mm. Thus, 47 PD patients were included in the analysis. Tables 1, 2 present the demographic and clinical data of these participants. The lateralization of motor symptoms was not significant. Most PD patients were free of motor complications. None of them had dementia or cognitive impairment.



TABLE 1 Demographic of included PD patients (n = 47).
[image: Table displaying demographic and health data, including mean age 64.04 years, sex distribution 20 males and 27 females, mean height 160.72 cm, mean weight 57.27 kg, and a mean PD duration of 70.23 months. Education levels include primary (6), junior middle (9), senior middle (16), undergraduate (15), and postgraduate (1).]



TABLE 2 Clinical assessments of included PD patients (n = 47).
[image: Table showing clinical scores and statistics for Parkinson's assessments. UPDRS total mean is 57.55 ± 22.48. Subscores: I, 9.11 ± 4.04; II, 10.26 ± 5.20; III, 35.74 ± 15.01 (right: 12.23 ± 5.73, left: 11.81 ± 6.71). UPDRS IV median: 0 (IQR 0, 4). Hoehn-Yahr median: 2 (IQR 1.5, 2.5). NMSS mean is 32.28 ± 19.38, PDQ mean is 22.77 ± 11.96, MMSE median is 29 (IQR 27, 30). Abbreviations detail the scales and questionnaires used.]



3.2 Effects of taVNS on ALFF in PD patients

Repeated-measures ANOVA identified 8 clusters with significant differences among conditions. These clusters included the right inferior occipital gyrus (IOG), right middle occipital gyrus (MOR), right precentral gyrus (PreCG), right cuneus, right postcentral gyrus (PoCG), right superior parietal lobule (SPL), left PoCG, and left precuneus (PCUN) (Table 3). Figure 2 illustrates cluster locations. Post-hoc analysis of ALFF values revealed that the right MOR, right PreCG, right PoCG, right SPL, and right cuneus showed significantly lower ALFF values in the real taVNS condition compared to baseline and sham taVNS conditions (Figure 3 and Supplementary File 1).



TABLE 3 Significant clusters among different conditions on ALFF in PD patients.
[image: Table showing brain regions with clusters from one to eight, their MNI peak coordinates (X, Y, Z), voxel size, and peak intensity. Clusters include regions like the inferior occipital gyrus (IOG_r) and middle occipital gyrus (MOG_r), with listed voxel sizes and intensities.]

[image: Brain surface images highlighting regions of interest with color coding ranging from blue to red, indicating varying levels of activity. Labels include PoCG.L, Pcun.L, IOG.R, MOG.R, PreCG.R, SPL.R, and Cuneus.R, with a color scale ranging from 7.45 to 20 at the bottom.]

FIGURE 2
 Significant ALFF changes among baseline, sham taVNS, and real taVNS conditions (voxel p < 0.001, cluster p < 0.05, GRF corrected). Significant ALFF changes were observed in the right Inferior Occipital Gyrus (IOG), right Middle Occipital Gyrus (MOR), right Precentral Gyrus (PreCG), right Cuneus, right Postcentral Gyrus (PoCG), right Superior Parietal Lobule (SPL), left PoCG, and left Precuneus (PCUN).


[image: Bar graph comparing ALFF values for baseline, sham taVNS, and real taVNS across five regions: PoCG_r, SPL_r, PreCG_r, MOG_r, and Cuneus_r. Each category has three bars: yellow for baseline, light blue for sham, and dark blue for real taVNS. Asterisks indicate significant differences.]

FIGURE 3
 ALFF values in PD patients under different conditions (means ± SD). Compared to baseline and sham taVNS conditions, a significant decrease in ALFF was found in the real taVNS condition in the right Middle Occipital Gyrus (MOR), right Precentral Gyrus (PreCG), right Postcentral Gyrus (PoCG), right Superior Parietal Lobule (SPL), and right Cuneus. * means significant difference (P < 0.05) between two groups.




3.3 Correlation analysis

Pearson correlation analysis indicated that the ALFF of right SPL in the real taVNS condition was negatively correlated with the total UPDRS score (r = −0.380, p = 0.008, Bonferroni corrected), UPDRS-III score (r = −0.417, p = 0.004, Bonferroni corrected), and PDQ score (r = −0.381, p = 0.008, Bonferroni corrected) (Figure 4).

[image: Scatter plots labeled A, B, and C display the relationship between ALFF value of SPL_r and different scores. Plot A shows a negative correlation with UPDRS-total score (r=-0.380, P=0.008). Plot B shows a similar trend with UPDRS-III score (r=-0.417, P=0.004). Plot C illustrates a negative correlation with PDQ score (r=-0.381, P=0.008). The plots have a fitted line with a shaded confidence interval.]

FIGURE 4
 Negative correlation between the ALFF value of the real taVNS condition in the right Superior Parietal Lobule (SPL) and clinical assessments. (A) ALFF value in right SPL negatively correlates with UPDRS score (r = −0.380, p = 0.008). (B) ALFF value in right SPL negatively correlates with UPDRS-III score (r = −0.417, p = 0.004). (C) ALFF value in right SPL negatively correlates with PDQ score (r = −0.381, p = 0.008).





4 Discussion

This study assessed the immediate impact of taVNS on PD using ALFF. Our results demonstrated that taVNS reduced ALFF across several brain regions, including the PreCG, PoCG, SPL, MOG, and cuneus. Notably, the ALFF value in the right SPL during real taVNS was negatively correlated with the UPDRS total score, UPDRS-III score, and PDQ score, suggesting that taVNS may influence PD by modulating widespread brain activity.

A recent study revealed that, compared with healthy controls, patients with PD showed increased ALFF in the PreCG and PoCG (Yang et al., 2023). The first finding of our research is that the abnormal ALFF changes in the PreCG and PoCG in PD patients can be decreased by taVNS. PreCG and PoCG belong to the sensorimotor network (SMN), which integrates sensory inputs to assist motor program execution (Chi et al., 2023). Neuroimaging studies have repeatedly shown disease-related alterations in the SMN in patients with PD. Tessitore and colleagues applied different analytic approaches and found that alterations within the SMN were consistently reported across PD stages (Strafella et al., 2018). Alterations in the SMN are well-documented in PD, with evidence indicating that disruptions in this network are associated with impaired sensory integration and motor function (Pan et al., 2017; Caspers et al., 2021). These disruptions are considered key aspects of PD pathophysiology and treatment response (Strafella et al., 2018). SMN regulation can be a partial target of PD treatment. Recent research also highlights those interventions targeting the SMN, such as TMS, can improve motor symptoms by affecting network centrality (Chi et al., 2023). Moreover, levodopa and pramipexole, as the primary prescriptions of PD medication, may also be associated with the regulation of SMN (Esposito et al., 2013; Ye et al., 2017). Our study supports the potential of taVNS as a therapeutic approach for PD by modulating SMN activity, suggesting that taVNS might be an effective treatment strategy to address SMN dysfunction in PD.

Another important finding in our study was that real taVNS application downregulated the ALFF of SPL in patients with PD, suggesting that taVNS may have modulatory effects on brain function. SPL covers the dorsal part of the posterior parietal cortex, anatomically connecting the parietal lobe and occipital lobes, composed of occipital cytoarchitectural pattern and parietal cytoarchitectural pattern (Caspers et al., 2012; Sulpizio et al., 2023). The special cellular components and topographic position determined SPL play a key role in sensorimotor tasks, particularly in visuomotor tasks. Some brain imaging studies have shown that the function of SPL in shifting spatial attention between locations, perceiving and planning travel paths during locomotion, and tracking motion under attentional load (Alahmadi, 2021; Biagi et al., 2022). Meanwhile, some studies investigate SPL was activated earlier than PreCG and induces motor status, which further confirms the role of SPL in movement control (Zhang Q. et al., 2022; Zhang et al., 2023). Several studies have revealed SPL is involved in the pathological process of movement impairment in PD patients. One study compared the potentials of SPL during a series of motor tasks in patients with PD and showed that the beta power of SPL was specifically inhibited from standing to walking and negatively correlated with walking speed (Zhang et al., 2023). Another study investigated the increased functional connectivity between cerebellum and SPL would in future development of freezing of gait in PD patients (Jung et al., 2020). Gu’s meta-analysis included 10 studies that compared whole-brain ALFF between PD patients and healthy control (Gu et al., 2022). Thus, regulating the function of SPL may be useful for PD treatment. Therefore, modulating SPL function could be beneficial for PD treatment. Previous research has demonstrated that transcranial direct current stimulation (tDCS) over 12 months can enhance regional cerebral blood flow in the SPL, which is reduced in PD patients compared to healthy controls (Song et al., 2020; Wu et al., 2024). Our finding that real taVNS reduced ALFF in the SPL and its negative correlation with the UPDRS-III score, but not with baseline ALFF, suggests that SPL’s response to taVNS might be more pronounced under specific conditions. This indicates that SPL may affect motor function in particular states or stages of PD, warranting further investigation through task-based fMRI studies.

What’s more, the occipital cortex, central to visual perception and processing, plays a role in PD. Impaired visual networks in PD patients have been linked to more severe motor deficits (Lan et al., 2023). PD patients with freezing gait showed impairments in the occipital lobule (Tessitore et al., 2012). To better control movement, PD patients rely more on visual cues (Uc et al., 2005; Wang et al., 2023). Previous studies have found that abnormal ALFF changes in the occipital cortex are common in PD patients. Li et al. reported that the decrease in CBF/ALFF in the bilateral middle occipital gyrus along the dorsal visual stream in PD patients was negatively correlated with motor impairments, which was due to increased ALFF in MOG (Li et al., 2023). Lan et al. (2023) observed increased ALFF value of left MOG in PD patients was positively correlated with postural instability/gait difficulty symptoms. Furthermore, Hu et al. (2015) reported that as PD worsened, the fractional ALFF of MOG continually increased. Based on the above studies, a reasonable assumption is that hyperactivation of the occipital cortex may be due to compensatory mechanisms for impaired motor function in PD patients (Lan et al., 2023). Correspondingly, a potential target of PD treatment is to lower the ALFF of the occipital cortex. Xiong’s study revealed that after performing MRI-guided focused ultrasound, motor impairment reduction was associated with a decrease in fractional ALFF values of the left occipital cortex (Xiong et al., 2022). In this study, we found that the real taVNS decreased the ALFF of MOG and cuneus, while sham taVNS did not, supports this hypothesis. Moreover, other studies have suggested that the effect of taVNS is associated with modulating the function of the occipital cortex (Zhao et al., 2020). Thus, taVNS may improve PD symptoms by downregulating spontaneous activity in the occipital cortex.

Interestingly, the majority of our study’s findings were localized to the right hemisphere. Initially, we considered that this might relate to the asymmetrical nature of PD, which often presents with unilateral onset and suggests uneven damage between the two hemispheres. Because PD clinically manifests as unilateral onset, indicating asymmetrical damage between the two hemispheres (Yuan et al., 2022). Some studies have investigated the lateralization of PD using voxel-mirrored homotopic connectivity (VMHC) and found a widespread decrease in VMHC in PD patients (Zhu et al., 2016; Liao et al., 2020; Goggins et al., 2022; Yuan et al., 2022; Zhang H. et al., 2022). However, our study found no significant difference in symptoms between the left and right sides in the PD patients we included. This suggests that the lateralization observed might be more related to the effects of taVNS rather than to symptom lateralization. Previous research has indicated that taVNS may have lateralized effects. For example, Capone et al. (2015) demonstrated increased cortical excitability in the right motor cortex following real taVNS applied to the left cymba concha. Similarly, Chen et al. (2022) found that reaction times in left-difficult tasks improved and EEG changes were observed after taVNS applied to the left cymba concha. If the lateralization effect of taVNS is consistently demonstrated, it could limit the applicability of taVNS if used only on the left side. However, since we did not investigate the effects of right-sided taVNS in our study, there is currently no direct evidence linking the lateralization effect specifically to taVNS.

Several limitations should be noted. First, our study was a self-controlled design without a healthy control group, which means changes observed in the brain may not be exclusive to PD patients. Future studies with healthy controls are needed to validate our findings. Second, our analysis focused solely on the off-medication state. While clinical assessments are often performed on-medication, off-medication evaluations and fMRI scans are more common in clinical trials to minimize the effects of dopamine therapy on brain activation (Harrington et al., 2017; Ragothaman et al., 2023). Finally, our study only examined the short-term effects of taVNS. Long-term effects and more detailed mechanisms require further investigation.



5 Conclusion

This study demonstrated that immediate taVNS reduces resting-state brain activity in the right hemisphere, affecting regions such as the PreCG, PoCG, SPL, MOG, and cuneus in PD patients. These preliminary results suggest a potential mechanism for taVNS in PD treatment. Future research should investigate the long-term effects of taVNS and explore how these changes in brain activity correlate with clinical outcomes in PD patients.
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P1 evoked by facial expression images is enhanced in Parkinson’s disease patients with depressive symptoms

Yujia Sun†, Yixiang Mo, Chunkai Peng, Qingqing Li, Zhuyong Wang, Sha Xue* and Shizhong Zhang*


Neurosurgery Center, Department of Functional Neurosurgery, The National Key Clinical Specialty, Guangdong Provincial Key Laboratory on Brain Function Repair and Regeneration, The Neurosurgery Institute of Guangdong Province, Zhujiang Hospital, Southern Medical University, Guangzhou, China

Edited by
 Carmen Venegas, University of Luxembourg, Luxembourg

Reviewed by
 Meng Liu, Tongji Hospital Affiliated to Tongji University, China
 Xiwen Geng, Shandong University of Traditional Chinese Medicine, China

*Correspondence
 Shizhong Zhang, zhangshizhong@smu.edu.cn 
 Sha Xue, neuroxue@smu.edu.cn

†These authors have contributed equally to this work

Received 26 April 2024
 Accepted 30 September 2024
 Published 30 October 2024

Citation
 Sun Y, Mo Y, Peng C, Li Q, Wang Z, Xue S and Zhang S (2024) P1 evoked by facial expression images is enhanced in Parkinson’s disease patients with depressive symptoms. Front. Aging Neurosci. 16:1423875. doi: 10.3389/fnagi.2024.1423875
 




Introduction: Depressive symptoms are most common non-motor symptoms in Parkinson’s disease (PD), which is often overlooked due to absence of rapid and objective diagnostic biomarkers. Electroencephalography (EEG)-based event-related potentials (ERPs) is commonly used to assess emotional processes. The aim of this study was to investigate changes in ERPs in PD patients exhibiting depressive symptoms and to provide a reliable biomarker for assisting in the diagnosis of PD with depressive symptoms.
Methods: We conducted a case–control study involving 30 PD patients with (dPD group) or without depressive symptoms (nPD group) and 13 age matched healthy controls (HC). We recorded EEG of the patients during the emotional picture stimulation task and analyzed the difference in the early ERPs potentials (P1, N170, early posterior negativity) and their correlation with the severity of symptoms in PD patients.
Results: Our results found that P1 amplitude in the occipital region of the dPD group in response to emotional faces was significantly higher than that of nPD and HC group, and it was positively correlated with severity of depressive symptoms in PD patients.
Conclusion: Our study shows that facial expression-induced enhancement of P1 amplitude can be utilized as a rapid and objective indicator to screen for depressive symptoms in PD.
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1 Introduction

Parkinson’s disease (PD) is a degenerative neurological disorder, and depressive symptoms are one of the most common non-motor symptoms of PD. The existence of depressive symptoms seriously affects the quality of life of PD patients (Su et al., 2021). At present, the screening of depressive symptoms mainly relies on structured interviews and scale evaluation, which are time-consuming, inefficient, and occasionally difficult to obtain patient cooperation (Lee et al., 2022; Ahmad et al., 2023). In addition, some patients could not complete the scale test due to the limitation of low educational level. Moreover, the overlap of depressive symptoms with some symptoms of PD can also lead to the overlook of depressive symptoms of PD (Galts et al., 2019). There are also some biomarkers associated with depressive symptoms of PD, such as blood biomarkers, inflammatory markers, and core body temperature (Suzuki et al., 2007; Santiago et al., 2016; Ramanzini et al., 2022). But some of these markers are invasive to acquire, and others may be interfered with by multiple biological factors. Therefore, the search for objectively existing non-invasive and stable biomarkers is more conducive to early screening and detection of depressive symptoms.

Emotion dysregulation is one of the core features of depression (Li et al., 2021). The realization of brain function depends on the conduction of electrical signals. Event-related potentials (ERPs) is a relatively objective and non-invasive method to measure the electrical activity of the brain during emotional and cognitive activities with high temporal resolution (MacNamara et al., 2022). ERPs in response to visual stimuli are regarded as effective tools for assessing emotional processes, which has now been widely applied in many neuropsychiatric diseases, especially in depression (Li et al., 2023). Components in the early stage such as P1, N170 and early posterior negativity (EPN) can reflect the emotional processing more directly. P1, peaking at 100–150 ms following face onset at occipital areas, is found to be associated with the rapid extraction of visual information (Batty and Taylor, 2002). N170, appearing around 170 ms at occipital areas, is sensitive to processing of emotional faces and is thought to be involved in the regulation of emotions (Hinojosa et al., 2015). Previous studies found that larger P100 and N170 amplitude can be elicited under negative stimuli in major depression disease (MDD) group as compared with healthy group (Zhang et al., 2016). In addition, another early visual ERP component, EPN with amplitude maximized at occipital regions between 220 and 300 ms, can also be modulated by emotional face and has been suggested to indicate early perceptual tagging and prioritized processing (Schupp et al., 2004; Schindler and Bublatzky, 2020). A study by Dai and Feng showed that the alterations of ERPs are induced by the magnification and sensitivity of sad stimuli in MDD patients (Dai and Feng, 2012). In conclusion, these studies indicated that ERP components can serve as an index about the changes of emotional processing in patients with depressive symptoms.

In patients with depression, some characteristic ERP components can be used as biomarkers for depression (Zheng et al., 2024). However, the pathogenesis of depression and depressive symptoms in PD patients may be different. The mechanism of disturbed emotional processing of PD-related depressive symptoms remains unclear. The purpose of this study was to compare the differences in the early components of ERPs between healthy controls and PD patients with or without depressive symptoms, to explore the pathogenesis and look for objective electrophysiological markers for depressive symptoms in PD.



2 Materials and methods


2.1 Ethics considerations

The study protocol was approved by the Ethics Committee of Zhujiang Hospital of Southern Medical University, approval number 2020-060-01. The study was conducted in accordance with the Declaration of Helsinki. Participants were told about the objective and content of the experiment. Written informed consent was obtained prior to the experiment.



2.2 Inclusion criteria

Patients were included in the study if the following criteria were met: (1) PD diagnosis was confirmed according to the Chinese Parkinson’s Disease Diagnostic Criteria (2016 Edition); (2) Patients were willing to cooperate with structured interviews.



2.3 Exclusion criteria

Patients were excluded from the study based on the following criteria: (1) cognitive dysfunction (MMSE <24 points); (2) serious (refractory) depression, anxiety, schizophrenia, and other mental diseases; (3) having a history of other neurological diseases except PD; (4) taking antidepressants; (5) having severe disorders (optic or hearing problems etc.) which may disrupt the accomplishment of clinical tests.



2.4 Final enrollment

Thirty PD patients (male: 12; female: 18; all right-handed) were finally enrolled from a total of 45 consecutive patients, from August 2020 to October 2023 in the Zhujiang Hospital of Southern Medical University. 11 patients with excessive EEG artifacts and four patients with a history of antidepressants medication were then removed. Sixteen healthy controls (HC) matched for age participated in our study, but three of them were removed from the final analysis due to the poor EEG data (Figure 1). The patients were divided into PD with depressive symptoms (dPD group, HAMD ≥12 points) and PD without depressive symptoms (nPD group, HAMD <12 points) according to the HAMD-24 score [13]. The basic clinical information of the PD patients and HC are shown in Table 1.

[image: Flowchart detailing participant selection for a study with 45 Parkinson’s disease patients and 16 healthy controls. Eighteen individuals were excluded: 4 patients on antidepressants, 11 with EEG artifacts, and 3 healthy controls with EEG artifacts. The remaining participants were 30 Parkinson’s patients and 13 healthy controls. Parkinson’s patients were divided based on HAMD score: 12 with depressive symptoms (HAMD ≥ 12) forming the dPD group, and 18 without depressive symptoms (HAMD < 12) forming the nPD group.]

FIGURE 1
 Inclusions and exclusions. PD, Parkinson’s Disease; dPD, Parkinson’s Disease with depressive symptoms; nPD, Parkinson’s Disease without depressive symptoms; HC, healthy controls.




TABLE 1 Preoperative characteristics of PD patients and healthy controls.
[image: Table comparing characteristics of three groups: PD with depressive symptoms (n=12), PD without depressive symptoms (n=18), and healthy controls (n=13). Characteristics include age, MMSE score, duration of disease, LEDD, and UPDRS III off/on. P-values show no significant differences between groups.]



2.5 Clinical assessment

Motor symptoms of PD patients were assessed using the Unified Parkinson’s Disease Rating Scale III, and the Levodopa Equivalent Daily Dosage (LEDD) was also recorded. The 24-item Hamilton Depression Rating Scale was applied for depressive symptoms evaluation. The Hamilton Anxiety Rating Scale (HAMA) was used for anxiety evaluation, and the Mini Mental State Examination (MMSE) was employed for intellectual assessment. The clinical rating of depressive symptoms was based on consensus of two senior psychiatrists. All the clinical assessments and Electroencephalogram (EEG) recordings for each participant were completed within 3 days.



2.6 Stimuli material and procedure

Three different kinds of emotional grayscale faces (happy, neutral and sad) were chosen as stimulus from Chinese Facial Affective Picture System. The overall recognition degree of faces chosen is set to 85%. A total of 40 non-repetitive images were selected for each type of face, and each image would be repeated three times. Each experiment consisted of 360 emotional faces, which were evenly distributed and presented to participants randomly.

All stimulus were with the same contrast and brightness displayed on a 15 inches computer screen using the E-PRIME 2.0 software package in a sound-attenuated and dimly lit room. To minimize the impact of previous stimulus, a fixation cross lasting for 1,000 ms comes out first. Then, facial stimulus continued for 1,000 ms (Figure 2). During the trials, participants were asked to gaze at different types of face stimuli carefully and avoid all activities that could produce artifacts, such as excessive eye blinks, move their bodies and make noises.

[image: Sequence of images showing alternating faces and fixation crosses. Each image is displayed for 1000 milliseconds. Faces show various expressions while the crosses are simple plus signs. An arrow below indicates the progression.]

FIGURE 2
 Experimental procedure. 360 images from Chinese facial affective picture system were randomly repeated in the center of the screen, including 40 happy, 40 sad and 40 neutral images which repeated 3 times each. Each image shows 1,000 ms, separated by 1,000 ms image of the cross. Reprinted with permission by Prof. Yuejia Luo, the copyright owner of Chinese Facial Affective Picture System.




2.7 Data acquisition and analysis

EEG data were recorded from 28-channel Ag/AgCl electrodes according to the international 10–20 system at a sampling rate of 1,000 Hz (Neuracle, China). During recording, all electrode impedances were kept below 5 KΩ. Meanwhile, horizontal and vertical electrooculograms, which were located at the outer canthi of the eyes and at infra and supraorbital positions of left eyes, were used to record electro-ocular artifacts. For ERP analysis, the process of data was displayed by EEGLAB v2021.0 implemented in Matlab R2020a. First, all channels were re-referenced to the Cz electrode. Second, EEGs were filtered at a lowpass of 30 Hz and a highpass of 0.1 Hz and epochs containing artifacts exceeding ±100 μV were also rejected. Third, epochs were defined between 200 ms before stimulus onset and 800 ms after stimulus, and all epochs were baseline-corrected with respect to the mean voltage over the 200 ms preceding the onset of stimulus, followed by averaging in association with experimental conditions. Next, independent component analysis was performed to remove ocular and muscular artifacts. After the pre-processing procedure, ERP in all brain regions was analyzed, then the latency and peak amplitude of P100, N170 and EPN in occipital regions (Oz, O1 and O2) were extracted by ERPLAB and examined manually.



2.8 Statistical analysis

Dependent variables were defined as the peak amplitude and average latency time of the ERP components of interest. Responses of each participant under 3 stimuli conditions (happy, neutral, sad) were averaged. The Kolmogorov–Smirnov method was used to test the normality, and the independent sample student t-test or Mann–Whitney U test was used to determine the significance of the difference based on normality. Two way repeated-measures ANOVA was performed with emotion (happy, sad and neutral) as the within-subject factor, and group (nPD, dPD and control group) as the between-subject factor with Bonferroni correction. Correlation analysis between the ERP component amplitude, latency and age, LEDD, and severity of motor and non-motor symptoms of PD patients were conducted. The significance level was set at 0.05, unless mentioned.




3 Results


3.1 Characteristics of PD patients and healthy controls

No significant differences were observed for age and MMSE scores across dPD, nPD, and HC groups. Besides, no significant differences were observed for the disease duration, LEDD, UPDRSIII on and UPDRSIII off scores between dPD and nPD groups. See Table 1 for details.



3.2 PD patients with depressive symptoms have enhanced P1 amplitude in occipital area

We observed ERPs in the whole brain and found that P1, N170 and EPN components could be evoked significantly in the occipital area in patients with PD accompanied by depressive symptoms (Figure 3). And there was no significant difference in P1 amplitude and latency in left (O1) and right (O2) occipital region in dPD group (Figure 4). Next, we analyzed the differences of P1, N170 and EPN components in the entire occipital region in HC, nPD and dPD groups.

[image: Graphs showing EEG data across different brain regions and emotional states, including left and right frontal, parietal, temporal, and occipital areas under happy, neutral, and sad conditions. Each graph displays microvolt readings over time.]

FIGURE 3
 Event-related evoked potentials of whole brain for HC, nPD and dPD groups. (a–x) show average waveforms at left and right frontal electrodes (F3/4 and F7/8), parietal electrode (P3/4), temporal electrodes (T3/4 and T5/6), occipital electrode (O1/2) under positive (a, d), neutral (b, e) and negative (c, f) stimuli in dPD, nPD and HC group, respectively.


[image: Graphs comparing amplitude (µV) across emotional expressions: Panels (a) and (d) show data for "Happy", (b) and (e) for "Neutral", and (c) and (f) for "Sad". Each displays P1, N170, and EPN components using different symbols (circle for P1, triangle for N170, square for EPN). Data points and connecting lines indicate changes across conditions O1, O2, and O3.]

FIGURE 4
 Comparison of amplitude and latency of ERPs in the left and right occipital area in PD patients with depressive symptoms. (a–c) Show the compare of amplitude of ERP components in O1 and O2 induced by positive (a), neutral (b) and negative (c) images in dPD group. (d–f) Show the compare of latency of ERP components in O1 and O2 induced by positive (d), neutral (e) and negative (f) images in dPD group. The circle refers to P1, the triangle refers to N170 and the square refers to EPN.


For peak amplitude of P1, the main effect of group was significant (F (2,120) =48.153, p<0.001，ηp2 = 0.445). For peak amplitude of N170, the main effect of group was significant (F (2,120) =9.658, p<0.001，ηp2 = 0.139). For peak amplitude of EPN, the main effect of group was significant (F (2,120) =6.717, p<0.01，ηp2 = 0.101). In addition, the main effect for EPN latency of group was significant (F (2,120) =3.272, p = 0.041, ηp2 = 0.052). Except for this, there was no significant main effect of group for any latency of component. The amplitude and latency of each component had no main effect of stimuli. There was no interaction between the emotional stimuli and the groups in any component.

Figure 5a shows visual evoked ERP for the HC, nPD, and dPD groups. Results of post hoc multiple comparisons show that peak P1 amplitude evoked by emotional images in dPD group was significantly higher than that in nPD group (Figure 5b, p<0.001) and HC (Figure 5b, p < 0.001) group, indicating an enhancement in the emotional response in the dPD group. In addition, it was found that N170 amplitude of dPD group was more reduced than that of nPD and HC group (Figure 5c, p = 0.045, p < 0.001, respectively). When it comes peak amplitude of EPN, larger EPN amplitude of nPD group and dPD group was found than that of HC group (Figure 5d, p < 0.01, p = 0.13, respectively). As for the latency (Figures 5e,f), there was no statistical difference between the components in the other groups except that the latency of EPN components in the dPD group was smaller than that in the HC group (Figure 5g, p = 0.48).

[image: Line graph and box plots comparing electrophysiological responses in three groups: HC (healthy controls), nPD (non-depressed Parkinson's), and dPD (depressed Parkinson's). Graph (a) shows ERP waves for P1, N170, and EPN components. Box plots (b) to (d) display amplitude comparisons for P1, N170, and EPN between groups. Plots (e) to (g) compare latency for the same components. Significant differences are marked with asterisks. The HC group is gray, nPD is yellow, and dPD is red.]

FIGURE 5
 Event-related evoked potentials in occipital area. (a) Show average waveforms at occipital electrodes (Oz, O1 and O2) under in dPD (red), nPD (yellow) and HC (gray) under all type of emotional faces. The bar charts of (b–d) refers to the compare of peak amplitude of P1, N170 and EPN between the HC, nPD group and dPD group of different components. The bar charts of (e–g) refers to the compare of latency of P1, N170 and EPN between the HC, nPD group and dPD group of different components. EPN, early posterior negativity. * means p < 0.05, ** means p < 0.01, *** means p < 0.001.




3.3 The peak amplitude of P1 in occipital area was associated with the severity of depressive symptoms in patients of PD

To explore the correlation between ERP components and clinical symptoms in more detail, Pearson correlation was used to analyse the ERP component amplitude (Figure 6a) and latency (Figure 6b) induced by three kinds of emotions in all PD patients with their age, duration of disease, LEDD, severity of motor symptoms, and severity of anxiety and depressive symptoms, respectively. It was found that peak P1 amplitude induced by happy (Figure 6c), neutral (Figure 6d) and sad (Figure 6e) images were all positively correlated with the severity of depressive symptoms in PD patients (Pearson’s r = 0.529, p < 0.01; Pearson’s r = 0.634, p < 0.001; Pearson’s r = 0.714, p < 0.001). In addition, the amplitude of N170 components induced by happy, neutral, and sad images was significantly correlated with the duration of disease in PD patients (Pearson’s r = 0.427, p = 0.019; Pearson’s r = 0.445, p = 0.014; Pearson’s r = 0.432, p = 0.017), and the amplitude of N170 components induced by neutral emotions was also significantly correlated with the severity of anxiety symptoms in PD patients (Pearson’s r = 0.405, p = 0.027). EPN amplitude induced by happy faces was negatively correlated with anxiety symptoms (Pearson’s r = −0.447, p = 0.015). Then we analysed the correlation between P1 amplitude and factor items of HAMD and found that the amplitude of P1 was mainly associated with anxiety and somatization, cognitive impairment, retardation, sleep disturbance, and feelings of despair, but not weight loss or diurnal variation (Supplementary Figure 1). In conclusion, among the early ERPs components, only the amplitude of P1 was significantly correlated with the severity of depressive symptoms in PD patients.

[image: (a) Heatmap showing correlations among variables such as age, LEDD, HAMD, MMSE, HAMA, and others, with color indicating correlation strength. (b) Similar heatmap with different variable arrangement. (c-e) Scatter plots displaying relationships between HAMD scores and P1 amplitude for Happy, Neutral, and Sad emotional states, each with a trend line illustrating a positive correlation.]

FIGURE 6
 Correlation analysis of amplitude and latency of ERP components. (a) Shows the Pearson correlation coefficient between amplitude of P1, N170 and EPN induced by three different stimuli and age, LEDD, MMSE and motor symptom, non-motor symptom severity score of Parkinson’s disease at the same period. (b) Shows the Pearson correlation coefficient between latency of P1, N170 and EPN induced by three different stimuli and age, LEDD, MMSE and motor symptom, non-motor symptom severity score of Parkinson’s disease at the same period. (c) Shows P1 amplitude induced by happy stimuli is positively correlated with the HAMD score of PD patients in the same period (Pearson’s r = 0.529, p < 0.01). (d) Shows P1 amplitude induced by neutral stimuli is positively correlated with the HAMD score of PD patients in the same period (Pearson’s r = 0.634, p<0.001). (e) Shows P1 amplitude induced by sad stimuli is positively correlated with the HAMD score of PD patients in the same period (Pearson’s r = 0.714, p < 0.001). LEDD, levodopa equivalent daily dose; HAMD, Hamilton depression scale; MMSE, Mini-Mental State Examination; HAMA, Hamilton anxiety scale; UPDRS, the Unified Parkinson’s Disease Rating Scale; EPN, early posterior negativity.


No correlation was found between P1 and N170 latency induced by the three emotions in occipital area and the age, duration of disease, LEDD and symptom severity of PD patients. However, EPN induced by happy (Pearson’s r = 0.529, p < 0.01) and negative (Pearson’s r = 0.435, p = 0.018) faces was significantly positively correlated with the disease duration of PD patients. EPN latency induced by neutral faces (Pearson’s r = 0.411, p = 0.027) and sad faces (Pearson’s r = 0.531, p < 0.01) was significantly positively correlated with LEDD in PD patients. EPN latency induced by sad faces was also significantly negatively correlated with UPDRSIII on score (Pearson’s r = −0.375, p = 0.045).




4 Discussion

In this study, emotional face images were used to explore visual evoked potentials in PD patients with or without depressive symptoms and healthy controls. We found that patients with PD accompanied by depressive symptoms had significantly elevated P1 amplitudes in the occipital area, and the peak amplitude of P1 in occipital area was significantly correlated with the severity of depressive symptoms in PD patients.

The exploration of visual-related evoked potentials can effectively understand the information processing process and the advanced functional mechanism of brain. In this study, happy, neutral, and sad faces were selected as stimuli to determine whether PD patients with depressive symptoms have an attentional bias to certain emotions. The characteristics of ERPs in different brain regions are different, which also reflects the specific processing of functions in different brain regions (Lei et al., 2021). As a first step, we analysed ERPs across the cortex. P1, N170 and EPN components can be observed in the parietal, temporal and occipital regions. We observed the most significant P1 amplitude in the occipital region of PD patients with depressive symptoms, which is also the region of the brain used to investigate P1 component in patients with depression (Zhang et al., 2016). Our study found that enhanced P1 in the occipital area in PD patients with depressive symptoms may also suggest that the occipital lobe is also one of the functional nodes involved in the mechanism of depressive symptoms in PD. P1 is the first ERP component that appears after facial expression stimulation, reflecting an unconscious and automatic processing process (Vuilleumier and Pourtois, 2007). Some researchers have compared multiple studies and found that P1 does not have an emotional effect: that is, different emotional stimuli do not affect P1 amplitude, and the increased P1 amplitude may only represent the difference between disease groups independent of the type of stimulus face (Schindler and Bublatzky, 2020). But a lot of studies argued that patients with depression show higher P1 amplitudes evoked by sad faces on ERP tests (Dai et al., 2016), which shows that depression patients pay more attention to negative faces, representing the attention bias to negative information (Zhang et al., 2016). However, this negative attention bias may only exist in patients with MDD, and for patients with subclinical depression, they show enhanced attention to positive and neutral stimuli (Dai and Feng, 2012). This means that patients with different stages of depression present and deal with emotions differently. We recruited PD patients who do not have MDD, and our results show that PD patients with depressive symptoms have enhanced attention to positive, neutral, and negative information, which may resemble a subclinical depressive state. Early identification and intervention of subclinical depressive state in PD patients is conducive to improving the quality of life of PD patients (Chuquilín-Arista et al., 2020). In our study, the peak amplitude of P1 under different types of emotional faces was significantly positively correlated with HAMD score, and it was independent of age, disease course, LEDD, motor symptoms and other factors, which could be used as an effective and reliable marker of depressive symptoms accompanied by PD.

Regarding the latency of P1 component, previous studies have shown that depression patients have a decreased latency induced by sad stimuli (Yang et al., 2011; Shao et al., 2023). However, our study did not find any difference in P1 latency between PD patients with depressive symptoms and healthy controls. This may be related to the age of the subjects. Studies have pointed out that in visual ERP test, P1 latency decreased with age (Taylor et al., 2004). It is conceivable that the neurodegenerative changes in PD disease may have an impact on the reaction time. It is possible that age and depression combined to show such results in the latency. However, this requires ERP studies in some elderly patients with depression and healthy controls to be definitive.

Previous studies on depression have suggested that patients with depression have a lower N170 amplitude than the healthy control group, suggesting the early dysfunction of processing emotional faces (Xin et al., 2020; Xin et al., 2021). Our study showed similar results, that PD patients with depressive symptoms had lower N170 amplitudes. But N170 is an ERP component that is affected by many factors. N170 is sensitive to faces and has emotional effects and the direction of face also has a regulating effect on N170 (Denefrio et al., 2017; Schindler and Bublatzky, 2020; Tso et al., 2017). First-Episode and Recurrent Major Depression also showed different results in N170 (Chen et al., 2014). Because N170 is affected by many factors (Feuerriegel et al., 2015), and PD is a multi-system disease along with complex symptoms, the amplitude of N170 in PD patients varies greatly. So even though PD patients with depressive symptoms exhibits a lower N170 amplitude, the decreased N170 amplitude may be less sensitive than P1 in suggesting PD-related depressive symptoms.

EPN was regarded as the marker of early sensation of visual stimuli, which was relevant to the emotional valence and the priority of emotional process, and is committed to more refined stimulus processing and consciousness (Schupp et al., 2004). Previous studies on depression have suggested that the latency of EPN in major depression disorder is significantly delayed and the amplitude of EPN is reduced compared with the healthy control, which suggests early attentional processing dysfunction of emotional faces (Xin et al., 2021). In addition, there are also studies on anxiety disorders suggesting that patients with anxiety disorders have stronger EPN amplitude (Yoon et al., 2016). Our results found enhanced amplitude of EPN in PD patients and we also found that the latency of EPN in occipital area was correlated to many factors, such as the duration of the disease, the equivalent dose of levodopa, and motor symptoms severity. In other words, the amplitude and latency of EPN components may also be the result of a combination of various factors like N170. However, due to the limitation of our small sample size, we may not be able to reach a conclusion with sufficient proof to conduct multi-factor regression analysis to analyse the potential mechanism behind the change of EPN. Subsequent studies with a larger sample size can be designed to further explore.

Thus, compared to N170 and EPN, P1 in the occipital area generated by emotional faces may be a considerably more sensitive indicator for PD patients with depressive symptoms. This objective, non-invasive and quickly detectable indicator can be helpful for the screening and detection of depressive symptoms. Our results may shed light on the pathogenesis of PD accompanied by depressive symptoms.



5 Limitations

Due to bradykinesia of PD patients, they cannot make quick keystroke responses. If they are forced to make judgments and reactions with their bodies, there can be a lot of artifact interference affecting the ERP analysis. Thus, the paradigm only focuses on the patient’s visually relevant automatic response to stimuli, but also makes the paradigm simpler and easier for the patient to cooperate with.

In addition, most of the previous studies on depression were middle-aged and young adults, but the changes in ERP components were age-sensitive. If we want to explore the mechanism of PD depression and depression, we need to include elderly patients with depression for analysis, and we plan to continue to explore in subsequent studies.
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Background: Although numerous studies have explored acupuncture for alleviating Parkinson's disease (PD) symptoms, specific methods focusing on reducing anxiety in these patients are lacking. Preliminary research indicates that acupuncture may improve anxiety in patients with Parkinson's; however, high-quality evidence is lacking. Therefore, we conducted a meta-analysis and trial sequential analysis (TSA) to assess the efficacy of acupuncture in managing anxiety symptoms in PD.
Methods: We systematically searched eight databases for randomized controlled trials (RCTs) evaluating the efficacy of acupuncture for the treatment of anxiety in patients with PD. Primary outcomes were measured using the Hamilton Anxiety Scale (HAMA) and the Self-Rating Anxiety Scale (SAS). Secondary outcomes included the Parkinson's Disease Questionnaire-39 (PDQ-39) and the Unified Parkinson's Disease Rating Scale (UPDRS). Risk of bias was assessed using the Cochrane RoB 2.0 tool, and certainty of evidence was assessed using the GRADE system. The Trial Sequential Analysis (TSA) was used to assess the sufficiency of the evidence.
Results: Our meta-analysis included 14 studies. The Manual acupuncture (MA) + routine drug treatment (RDT) group improved more than the RDT alone group. MA was more effective than sham acupuncture. MA+ traditional Chinese medicine (TCM) was also more effective than TCM. Auricular therapy (AT) was not as effective as control therapy (CT). The Electroacupuncture (EA) + routine drug treatment (RDT) group was not as effective as RDT. PDQ-39 and UPDRS subgroup analysis showed that the acupuncture group had better clinical efficacy than CT. The GRADE assessment rated the overall certainty of evidence for anxiety outcomes as low, PDQ-39 as very low and UPDRS as low. TSA results indicate insufficient evidence; further high-quality RCTs are needed to substantiate these findings.
Conclusion: Our analysis suggests that MA combined with RDT may help ameliorate anxiety in PD patients, although the evidence is weak due to low quality RCTs. EA and AT showed no significant effects, highlighting the need for more rigorous studies with better controls and longer follow-up. The potential of acupuncture for PD-related anxiety should be considered with caution until stronger evidence becomes available.
Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/.
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1 Introduction

Parkinson's disease (PD) is a common neurodegenerative disorder, typically characterized by motor symptoms such as tremor, bradykinesia, and rigidity (Du et al., 2021). Nevertheless, it has become increasingly evident that non-motor symptoms, particularly anxiety, are exerting an increasingly pivotal influence on the overall impact of the disease (Armstrong and Okun, 2020). It is estimated that approximately one-third of individuals diagnosed with PD also present with anxiety. This has been demonstrated to exacerbate motor symptoms and significantly impair quality of life (Overton and Coizet, 2020; Broen et al., 2016). Concurrently, anxiety has been demonstrated to exacerbate the severity of PD symptoms, affecting patients' mood, cognition and social functioning (Dissanayaka et al., 2010). Neuroimaging research (Li and Xu, 2024) has also explored the connection between anxiety-related brain regions in patients with PD. Individuals with PD often show decreased sizes in the medial prefrontal cortex and anterior cingulate cortex and orbitofrontal cortex, which are regions associated with anxiety. These findings further confirm the association between anatomical changes in the fear circuit and the occurrence of anxiety disorders in patients with PD. However, dysfunction of the fear circuit is not the only mechanism explaining the high prevalence of anxiety in PD. Functional studies indicate that Parkinson's anxiety is also related to the striatum, as well as dopaminergic and noradrenergic pathways, including alterations in the basal ganglia circuits and the cortico-striato-thalamo-cortical circuits. Despite the high prevalence of anxiety in PD, its severity is frequently underestimated, and treatment is often inadequate. It is therefore evident that further research is required in order to develop more effective treatment strategies.

The efficacy of conventional pharmacological interventions in treating anxiety symptoms associated with PD is limited, and they may have adverse effects and complications. A study demonstrated that although antidepressant medications have some therapeutic effects on patients with PD, they have minimal efficacy in treating anxiety disorders (Liu et al., 2013). In addition, the long-term use of these medications may result in adverse effect (Troeung et al., 2013). Moreover, drugs such as levodopa, which are primarily used to improve motor symptoms, have a limited effect on anxiety disorders and may cause motor complications with prolonged administration (Armstrong and Okun, 2020). Consequently, there is a growing interest in complementary and alternative therapies that demonstrate integrative efficacy and minimal side effects.

Acupuncture represents a fundamental aspect of traditional Chinese medicine. At present, acupuncture is primarily employed in the treatment of neurological disorders, musculoskeletal and connective tissue diseases, cancer, and cardiovascular conditions (Lu et al., 2022). The theoretical basis for acupuncture's efficacy in the treatment of anxiety can be traced back to its regulatory effect on the neurotransmitter system. Prior research has demonstrated that acupuncture can alleviate anxiety-related symptoms by regulating the balance of neurotransmitters, including serotonin (Wu et al., 2024), norepinephrine (Zhao et al., 2017), and dopamine (Chen et al., 2023; Wu et al., 2022). Furthermore, acupuncture has been shown to alleviate the anxiety response triggered by stress by modulating the hypothalamic-pituitary-adrenal (HPA) axis (Zheng et al., 2024). In light of these mechanisms, the utilization of acupuncture in the management of anxiety associated with PD is theoretically supported. Recent studies have demonstrated that acupuncture is an efficacious treatment for anxiety disorders in patients with PD (Gu et al., 2023; Chao, 2023; Zhang et al., 2022; Fan et al., 2022).

Although preliminary studies have been conducted on the application of acupuncture, the quality of the existing evidence is inconclusive. Furthermore, there is a paucity of studies on PD-related anxiety. In order to address this research gap, this study employs a systematic review and meta-analysis, combined with a trial sequential analysis, to provide the first comprehensive assessment of the efficacy of acupuncture for the treatment of anxiety in Parkinson's disease. The aim is to establish a more robust evidence base for future clinical treatment.



2 Methods


2.1 Study registration

This study followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Page et al., 2021) and adhered to the PRISMA checklist. It was approved by the International Prospective Register of Systematic Reviews (PROSPERO) on 9 March 2024 under registration number CRD42024518431.



2.2 Search strategy

An extensive literature search was conducted using eight databases until 1 March 2024. The databases included four in English (Cochrane Library, PubMed, Embase, Web of Science) and four in Chinese (China Biology Medicine, VIP, Wanfang Data and CNKI). We retrieved publications from all countries and languages, covering various article types. Additionally, we specifically searched for meta-analyses concerning acupuncture treatment for PD. The search utilized key terms such as “Parkinson,” “anxiety,” “acupuncture,” “RCTs,” and “meta-analyses.” A detailed search strategy is provided in Supplementary material 1.



2.3 Literature selection

We applied the following set of inclusion criteria during the report selection process (Zhang J. et al., 2024). Inclusion criteria: (1) Type of study: Individuals were diagnosed with PD based on established diagnostic criteria, including the MDS clinical diagnostic criteria for PD (Postuma et al., 2015), the Chinese guidelines for the treatment of PD (second edition; Cheng, 2009), Clinical criteria for diagnosing PD in China (China Medical et al., 2019; Parkinson's et al., 2016), and the accuracy of clinical diagnosis of idiopathic PD (Rajput, 1993). (2) Intervention: acupuncture treatment, including acupuncture alone or combined with Routine drugs treatment (RDT) or control therapy (CT). (3) Comparison: no treatment, sham acupuncture (SA), RDT or CT. (4) The primary outcomes of the study were assessed with the Hamilton Anxiety Scale (HAMA; Hamilton, 1959) and the Self-Rating Anxiety Scale (SAS), which measure anxiety symptoms using specific metrics. The PD Questionnaire (PDQ-39) was used to evaluate the quality of life as a secondary measure. (5) Study design: Randomized controlled trials (RCTs). Language restrictions are English and Chinese. Studies were excluded if they only reported the response rate or lacked data for effect size estimates. Exclusion criteria (Zhang J. et al., 2024): (1) Trials with acupuncture therapy in the control group, (2) Repetitive experiments, (3) Studies involving animal experiments, (4) Studies with incomplete data.



2.4 Data extraction

After the search was completed, the retrieved documents were imported into EndNote X9 software. After eliminating duplicates, two reviewers independently examined the titles and abstracts of 41 articles (Wu, Z.N, and Liu, C) to exclude 24 studies that clearly did not meet the inclusion criteria. The complete texts of the remaining studies were reviewed again to determine if the articles satisfied the inclusion criteria. Data extraction was performed by two researchers, capturing details such as the primary author, publication year, sample size, randomization technique, and grouping; participant specifics like gender, age, and illness duration; details on interventions like quantity, acupuncture locations, and EA settings; results data; follow-up results and duration; and any adverse events. In case of disagreements, a third reviewer, Xiaofeng Wu, was brought in to make a final decision.



2.5 Quality assessment

The potential for bias in the literature was evaluated using Cochrane RoB2.0 (Sterne et al., 2019). Each RCT was assessed based on six criteria: the randomization procedure, unexpected interventions, missing outcome data, measurement outcomes, reported findings, and overall assessment. A study was classified as low risk if the methodology was appropriate, well-explained, and clear. Conversely, it was deemed high risk if the method was unclear or problematic. Two investigators (Wu, X.F and Huang, F) independently assessed these factors and consulted a third investigator (Vicky Chan) to resolve any differences if necessary.



2.6 Statistical analysis

Statistical analysis of the included RCTs was performed using the R “metaphor” package. We assess the effect size by comparing the differences after treatment in each group. Continuous data were presented as mean difference (MD) or standardized mean difference (SMD) with 95% confidence intervals (CI), considering I2 and P-values to assess heterogeneity. When I2 exceeded 50%, or P was < 0.01, indicating significant heterogeneity, a random effects model was utilized; otherwise, a fixed effects model was applied. Subgroup analysis was conducted to identify sources of variability. Sensitivity analysis was performed using leave-one-out analysis to test the robustness of the findings. Each study was systematically excluded one at a time to evaluate its impact on the meta-analysis. In order to enhance the robustness of the results, this study employed the use of trial sequential analysis (TSA). TSA is a statistical method that integrates the traditional interim analysis of RCTs with meta-analysis. In comparison to traditional meta-analysis, TSA is capable of more effectively controlling random errors and type I errors (false positives) through the establishment of the required information size (RIS) and the trial sequential monitoring boundaries (TSMB). TSA was performed using TSA 0.9.5.10 beta (https://www.ctu.dk/tsa/) to calculate the RIS and TSMB. TSA assesses the sufficiency of the extant evidence by calculating the requisite cumulative sample size at a specified α (0.05) and β (0.2) level. Once the accumulated sample size reaches or exceeds the RIS, it indicates that there is sufficient evidence to draw a definitive conclusion. In the event that this is not the case, it is necessary to conduct further high-quality studies in order to verify the results. The use of TSA was selected in order to circumvent the potential for random errors to be introduced by the process of repeated analysis, thereby ensuring that the resulting conclusions are statistically more valid. By establishing a boundary value and the requisite amount of information, TSA offers a more straightforward assessment of the sufficiency and robustness of the evidence, thereby enhancing the credibility of the research conclusions.



2.7 Certainty of the evidence

The certainty of evidence was assessed using the Grading of Recommendations Assessment, Development, and Evaluation (GRADE; Guyatt et al., 2008) framework. Evidence levels were categorized as high, moderate, low, or very low based on five components: risk of bias, inconsistency, indirectness, imprecision, and other factors.




3 Results


3.1 Study selection

Figure 1 shows the PRISMA flowchart for literature screening. We retrieved 59 records from the database. Before filtering, we deleted 18 duplicate records. After screening the titles and abstracts, we selected 41 articles for full-text review after excluding 24 articles based on the inclusion criteria. During the full-text review, three reports were excluded, a total of 45 out of 59 articles were excluded. Finally, 14 articles were included in this meta-analysis and the detailed reasons are shown in the flowchart. For the diagnosis of PD, the MDS clinical diagnostic criteria for PD were used in one study (Fan et al., 2022). For the diagnosis of PD, the Chinese Guidelines for the Treatment of PD (second edition) were used in five studies (Gu et al., 2023; Song, 2021; Bai, 2021; Zhu, 2020; Hu, 2018; Xu, 2017), and the Clinical Criteria for the Diagnosis of PD in China were also used in six studies (Gu et al., 2023; Chao, 2023; Zhang et al., 2022; Li L. et al., 2021; Deng, 2021; Liu, 2020). And for the diagnosis of PD, the accuracy of clinical diagnosis of idiopathic PD was used in two studies (Chen, 2018; Wang et al., 2015).


[image: Flowchart illustrating the process of study identification and inclusion via databases. Initially, 59 records are identified from various databases, with 18 duplicates removed. After screening 41 records, 24 are excluded for reasons such as case reports, meta-analyses, and reviews. Seventeen reports are sought for retrieval, all assessed for eligibility. Three are excluded for reasons like lack of outcome measures. Fourteen studies are included in the final analysis.]
FIGURE 1
 Flow chart of the PRISMA.




3.2 Study characteristics
 
3.2.1 Patients

Table 1 summarizes the fundamental details of the included studies. All 14 articles were studies conducted in China between 2015 and 2024. Out of these, two were published in English and the other 12 in Chinese. The total number of eligible cases was 1,175, with 592 in the experimental group and 583 in the control group.


TABLE 1 Characteristics of the included studies.

[image: A detailed table presenting clinical research data, including references, randomization methods, sample sizes, average ages, intervention groups, control groups, interventions, duration in weeks, frequency, acupoints, and outcomes. The table contains data from several studies, highlighting differences in methodology and results across various metrics such as age, treatment type, and specific outcomes like HAMA and UPDRS. Key elements include acronyms and abbreviations denoting different treatments, groups, and statistical measures.]



3.2.2 Acupuncture interventions

The studies included various interventions, including manual acupuncture (MA; Gu et al., 2023; Fan et al., 2022; Song, 2021; Bai, 2021; Zhu, 2020; Hu, 2018; Deng, 2021), electroacupuncture (EA; Zhang et al., 2022; Li L. et al., 2021; Liu, 2020; Chen, 2018; Wang et al., 2015), and auricular acupuncture (AT; Chao, 2023; Xu, 2017). Some study groups received AT along with psychological care, while others were treated with EA combined with Routine drugs treatments (RDT). MA was used in combination with RDT in some cases, while other groups received only MA or MA with traditional Chinese medicine (TCM) in several studies. The number of acupoints used ranged from 4 to 10, and most studies followed specific protocols. Treatment duration ranged from 9 days to 6 months, with only one study including follow-up.



3.2.3 Control measures

AT was compared with CT in 2. MA was compared with SA in 1, TCM in 2, RDT in 4. EA was compared with RDT in 5.




3.3 Risk of bias

Among the analyzed RCTs, six were found to have a moderate or low risk of bias, while eight had a high risk of bias, primarily related to randomization or outcome measurement (Figures 2, 3).


[image: Risk of bias chart for various studies. Rows list twelve studies by author and year. Columns represent risk factors: randomization process, deviations from intended interventions, missing outcome data, measurement of the outcome, selection of the reported result, and overall risk. Green circles indicate low risk, yellow circles indicate some concerns, and red circles indicate high risk. Most studies show varying levels of risk across different categories. The overall risk varies by study.]
FIGURE 2
 Risk of bias summary.



[image: Bar chart displaying bias percentages in different categories, labeled as low risk (green), some concerns (yellow), and high risk (red). Overall bias shows significant high risk, while the randomization process predominantly indicates low risk. Each category has varying proportions of risk levels.]
FIGURE 3
 Risk of bias graph.




3.4 Primary outcomes

We assessed the anxiety levels of patients with PD receiving acupuncture treatment using two different scales: the HAMA and the Self-Rating Anxiety Scale. The combined heterogeneity was very high (I2 = 93%). Sensitivity analysis confirmed the persistent high heterogeneity (Supplementary material 2). We conducted a subgroup analysis to address this, considering that different acupuncture methods might be responsible.


3.4.1 AT vs. CT

This subgroup analysis included two studies demonstrating high heterogeneity, with an I2 value of 98%. Using a random effects model, the results showed no significant difference in efficacy between the AT and CT groups.



3.4.2 EA + RDT vs. RDT

This subgroup analysis included five studies with high heterogeneity (I2 = 93 %). Consequently, a random-effects model was applied, and the results indicated no significant difference in efficacy between the EA+RDT and RDT groups (SMD = −0.64, 95% CI = −1.51 – 0.22; Figure 4).
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FIGURE 4
 Effects of different acupuncture on anxiety scales.




3.4.3 MA + RDT vs. RDT

This subgroup analysis included four studies, with a heterogeneity of I2 = 66%. A random-effects model was utilized, and the results indicated a significant difference in efficacy between the MA+RDT and RDT groups (SMD = −1.77, 95% CI = −2.19-−1.34; Figure 4).



3.4.4 MA vs. SA

SA was utilized as the control group in only one study within this subgroup. The results suggested a significant difference in efficacy between the MA and SA groups (MD = −2.41, 95% CI = −3.06 – −1.75; Figure 4).



3.4.5 MA + TCM vs. TCM

This subgroup analysis included two studies with no heterogeneity (I2 = 0%). Consequently, a fixed effects model was utilized, revealing a notable disparity in efficacy between the MA+TCM and TCM groups (SMD = −0.8, 95% CI = −1.12 – −0.48; Figure 4).




3.5 Secondary outcomes
 
3.5.1 PDQ-39

Following the sensitivity analysis (Supplementary material 3), three studies were incorporated into this examination, revealing a diversity of I2 = 58%. A random effects model showed a significant variation in efficacy between the acupuncture and control groups (SMD = −4.77, 95% CI = −8.11 – −1.42; Figure 5).
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FIGURE 5
 Effects of acupuncture on PDQ-39.




3.5.2 UPDRS

After the sensitivity analysis (Supplementary material 4), we excluded one article, resulting in the inclusion of three studies with an I2 heterogeneity of 0%. Consequently, a fixed effects model was employed, revealing a t significant difference in efficacy between the acupuncture and control groups (MD = −3.55, 95% CI = −4.91 – −2.18; Figure 6).


[image: Forest plot comparing acupuncture and control groups across three studies. The studies list total mean and standard deviation for each group. Mean differences with confidence intervals are displayed graphically, showing a common effect model with a mean difference of -3.55. Heterogeneity is low (I² = 0%).]
FIGURE 6
 Effects of acupuncture on UPDRS.





3.6 TSA

TSA was used to improve the reliability and robustness of the cumulative evidence. TSA combines interim analyses from classical RCTs with cumulative effect sizes from meta-analyses. It effectively controls for random errors and type I errors (false positives) that can result from repeated analyses, thereby controlling for random errors and type I errors (false positives). TSA ensures statistically valid results by setting a RIS, which is similar to the sample size estimate in individual RCTs. If the cumulative evidence does not reach these thresholds, it indicates that more research is needed to further validate the results. The Z curve (blue line) in the figure demonstrates the dynamic alteration in the cumulative effect size, which gradually approaches the effect boundary (green line) as additional studies are incorporated into the analysis. The red vertical line denotes the quantity of information (603 cases) necessary to achieve the TSA. The figure illustrates that definitive conclusions can be drawn when the cumulative number of studies and sample size reach the RIS (Figure 7).


[image: Graph titled "TSA is a Two-sided graph" showing two red curves diverging and converging on a central vertical axis marked "TSA = 603." Blue line labeled "z-curve" intersects the axis. Cumulative Z-scores and percentage agreements are plotted with varying positions on the Y-axis.]
FIGURE 7
 Trial sequential analysis of acupuncture on HAMA.




3.7 GRADE

This review assessed the effectiveness of acupuncture for anxiety disorders using the GRADE system and PDQ-39 and UPDRS scores. For anxiety disorders, a review of 14 randomized controlled trials found that acupuncture had a significant effect on reducing anxiety levels, with an SMD of 1.08 (95% CI = 1.57–0.59). Following the GRADE downgrading rules, we found that there were problems with the treatment effect of the acupuncture group in three articles, and there was high heterogeneity. In addition, some of the possible intervals on the anxiety improvement scale were wide, but the sample size was large enough to make the rating serious. Therefore, the evidence rating for this outcome was low. The PDQ-39 and UPDRS were rated very low and low, respectively, and the specific reasons for this are also shown in the graph (Figure 8).


[image: A table comparing the certainty assessment, number of patients, and effect for different time points: 2-4 weeks, POD 10, and POPQA. Columns include study design, risk of bias, inconsistency, indirectness, imprecision, other considerations, EGD, EGG, and relative risk with three stars indicating varying importance and criticality levels for each time point. The explanations note levels of certainty and measurements, such as confidence intervals and statistical significance markers.]
FIGURE 8
 GRADE evidence.





4 Discussion

Anxiety in PD may be associated with neurochemical changes in PD, including imbalances in neurotransmitters such as dopamine, 5-hydroxytryptamine (5-HT), and norepinephrine (Khatri et al., 2020). The 5-HT system has seven main receptors and a total of 15 subtypes. If some of the receptors or subtypes in this system are lost or altered, this can have a significant impact on the non-motor symptoms of PD (Muñoz et al., 2020). The activation or blockade of 5-HTR4 in the limbic prefrontal cortex has been demonstrated to improve anxiety-like behavior in rats with PD (Liu et al., 2021). Activation of 5-HT2C receptors in lateral habenular nucleus has been demonstrated to induce or enhance anxiety-like behavior in rats, with this effect being mediated by changes in the levels of monoamine neurotransmitters in relevant brain regions (Han et al., 2016). Furthermore, the ethology of anxiety in PD may be associated with inflammation. Studies have indicated a potential correlation between elevated levels of TNF-α and reduced levels of IL-10 in the amygdala (Ma et al., 2021).

The neurobiological mechanisms of acupuncture in the treatment of anxiety disorders can be described in several ways. Firstly, acupuncture has been demonstrated to relieve anxiety by regulating the neurotransmitter system, particularly the 5-HT system. Anxiety disorders are associated with hyperfunction of the 5-HT system, and acupuncture has been demonstrated to effectively regulate this system, thereby improving anxiety symptoms with fewer side effects (Yuan et al., 2007). There is another viewpoint that the potential mechanism through which acupuncture, 5-HT and anxiety interact may be responsible for the treatment of anxiety in PD (Yutong et al., 2024). Secondly, acupuncture has the capacity to regulate the neuroendocrine system, particularly the HPA axis. Patients with anxiety disorders frequently exhibit dysfunction of the HPA axis, characterized by excessive secretion of adrenocorticotropic hormone and corticosteroids. Acupuncture has been demonstrated to be an effective method for improving anxiety, while also regulating hormone levels, particularly when used in conjunction with pharmacological agents to mitigate adverse effects (Zheng et al., 2024; Zhu et al., 2022). Additionally, acupuncture has been shown to exert a pronounced regulatory influence on the immune system. It is well-established that anxiety disorders are closely associated with immune dysfunction. Acupuncture has the potential to facilitate the restoration of immune function, including improvements in chemotaxis, phagocytosis, lymphocyte proliferation, natural killer cell activity, and superoxide anion levels (Huang et al., 2015; Arranz et al., 2007). Acupuncture has also demonstrated beneficial therapeutic effects in the treatment of PD through mechanisms including oxidative stress-induced apoptosis, mitochondrial dysfunction, autophagy and neurotransmitter regulation (Tamtaji et al., 2019; Jia et al., 2017; Tian et al., 2016; Wang et al., 2013; Zhang et al., 2021). An animal study found that acupuncture can inhibit TNF-α and promote the expression of IL-10 in the amygdala to improve the anxiety symptoms of patients with PD (Ma et al., 2021). The aim of our study was to provide a comprehensive analysis of the efficacy of acupuncture in the treatment of anxiety symptoms in patients with PD.

A sensitivity analysis was initially conducted on the 14 included articles, with I2 values ranging from 90 to 94% across studies and an overall I2 of 93%. This suggests a high degree of heterogeneity across the studies. Meanwhile, the Tau2 values ranged from 0.7 to 0.95, and the Tau values ranged from 0.8 to 0.98, indicating a significant variability in effect size. The confidence intervals of the studies did not exhibit exact overlap, further suggesting variability in the results. First, we also considered the possibility that the high heterogeneity could be due to differences in the acupuncture treatment duration (Supplementary material 5). The results showed that whether the acupuncture treatment duration was short-term (< 4 weeks), medium-term (4–8 weeks), or long-term (>8 weeks), the acupuncture group was more effective than the control group in reducing symptoms. However, only the long-term treatment cycle had relatively low heterogeneity, while the short-term and medium-term subgroups had high heterogeneity, which suggests that we need to be cautious when interpreting the results. Therefore, in the articles included in this study, we infer that heterogeneity may be due to the treatment regimens in different studies. A further analysis was therefore conducted on the interventions in question. The results of the study demonstrated that MA combined with RDT exhibited a notable superiority in reducing anxiety levels in comparison to RDT. MA was more effective than sham acupuncture. MA+ TCM was more effective than TCM. However, AT and EA did not demonstrate a statistically significant difference in improving anxiety in PD and displayed no significant efficacy when compared to their respective control treatments. The lack of efficacy of AT and EA merits further discussion. There may be two reasons for the insufficient efficacy of auriculotherapy. First, only two studies were included, which may have affected the reliability of the results of the meta-analysis. In addition, some studies have found that ear stimulation in PD patients mainly acts on gait regulation and motor-related brain activity (Zhang et al., 2023; Marano et al., 2022), so it is also possible that AT is not effective in improving anxiety in PD patients. In terms of treating anxiety in Parkinson's patients, there was no statistically significant difference between EA combined with RDT and RDT alone. The first reason may be that only five articles were included in this paper. The lack of universality may be due to the limited number of studies included in this analysis, and the high heterogeneity could not be reduced through sensitivity analysis. Currently, there is a paucity of research examining the efficacy of EA in alleviating anxiety in patients with PD. This field of study is characterized by a number of limitations and gaps in knowledge. In the five articles included in the review, anxiety was only observed as a secondary indicator. The scales used were HAMA, which was relatively simple, and there was a paucity of scales such as the Beck Anxiety Scale, the Generalized Anxiety Disorder Assessment, and the Global Anxiety Severity and Impairment Scale. Secondly, anxiety is a subjective symptom, and the use of EA, a highly recognized treatment method among the Chinese population, can readily result in a placebo effect during the course of treatment. A mechanistic demonstration of the efficacy of EA was absent in all five included studies. Furthermore, there is currently no standardized treatment plan for the improvement of anxiety in PD patients. The specific operational characteristics of EA, including the selection of acupuncture points, frequency, waveform and current of EA, treatment cycle, and operator proficiency, can all potentially contribute to deviations in experimental results. Additionally, the design and intervention methods employed in each experiment are not uniform, which can significantly impact the reproducibility of experimental outcomes and may also result in high heterogeneity. Therefore, the existing trial data are insufficient to confirm that EA combined with RDT can improve these symptoms in PD patients. A previous meta-analysis of acupuncture for anxiety management also included only one article on EA (Amorim et al., 2018). Conclusions drawn from these limited data may not be widely applicable. Second, most of the current clinical studies on EA focus on improving the motor symptoms of PD (Li et al., 2023), and may be less effective in improving non-motor symptoms. Furthermore, secondary outcomes were examined, including the PDQ-39 and UPDRS. The results demonstrated that acupuncture enhanced the quality of life and alleviated mental symptoms in PD patients, which is consistent with the findings of previous comparable meta-analyses (Fan et al., 2022; Zhu, 2020). However, when interpreting these results, it is essential to consider the sample size and quality of the studies. With relevance to safety, it is notable that only one trial (Fan et al., 2022) reported four adverse reactions to acupuncture, two of which were minor subcutaneous haematomas and two of which were difficulties in removing the needle. This highlights the favorable safety profile of acupuncture treatment.



5 Strengths

To the best of our knowledge, this is the first study to examine the impact of acupuncture on anxiety symptoms in individuals with PD. A previous meta-analysis (Li Q. et al., 2022) examined the effect of acupuncture on non-motor symptoms in people with PD, but did not address anxiety specifically. Two meta-analyses (Zhang A. et al., 2024; Zhang Y. et al., 2024) investigated the effect of acupuncture on reducing anxiety symptoms in people with PD. However, these studies were limited to English-language articles, resulting in the inclusion of only two studies. The findings of these studies indicated that acupuncture may not be an effective intervention for improving anxiety symptoms in PD patients. Presently, China is at the vanguard of global clinical acupuncture implementation, with an increasing number of studies examining the impact of acupuncture on anxiety symptoms in PD patients. Consequently, Chinese articles were also incorporated into the meta-analysis. This study combined the data from 14 eligible studies, which assessed patients' anxiety symptoms using the HAMA and SAS scales, and may provide potential evidence for acupuncture as a non-pharmacological treatment for improving anxiety symptoms in PD.



6 Limitations of included studies

The included studies have several methodological limitations that may have affected the reliability of the results. These are summarized below: 1. Insufficient randomization and allocation concealment. Some trials lacked a detailed description of their randomization and group concealment procedures, which can lead to selection bias (Gu et al., 2023; Song, 2021; Hu, 2018). If the researcher or subject knows the treatment allocation at the start of the trial, this may affect the balance of the groups and therefore the reliability of the results. 2. Insufficient blinding. Only one article used a double-blind design (Fan et al., 2022), which increases the risk of performance bias and detection bias. The efficacy of acupuncture treatment may be influenced not only by the acupuncture manipulation itself, but also by the expected effects of patients and therapists. Therefore, the lack of a blind design may have overestimated the effectiveness of acupuncture. 3. Small sample sizes and inconsistent research quality. The included studies generally had small sample sizes (Bai, 2021; Zhu, 2020; Wang et al., 2015) and some studies had a risk of bias, such as improper handling of missing data (Wang et al., 2015) and insufficient follow-up (only two articles; Fan et al., 2022; Chen, 2018). This may reduce the statistical power of the results and increase the risk of false positive or false negative results. 4. Heterogeneity of intervention methods. Different studies used different acupuncture methods, such as MA, EA and AT, and there were differences in stimulation intensity, selection of acupuncture points and treatment frequency. This intervention heterogeneity can lead to high heterogeneity of results, which affects our consistent assessment of the efficacy of acupuncture. 5. Lack of standardization and variation in practitioner skills. Inadequate standardization of acupuncture procedures may lead to differences in skill levels between operators. This variation may affect the effectiveness and thus introduce additional variability in results. 6. The possibility of publication bias (Supplementary material 6). As most of the included studies were from China and some were not published in international journals, there is a risk of publication bias. We used the GRADE tool to assess the quality of the evidence and found that the overall quality of the evidence was low, suggesting that more high-quality studies are needed to confirm these findings in the future.



7 Implications for clinical practice

The findings of this study may inform the clinical application of acupuncture for PD anxiety, providing a reference point for the development of a future standardized treatment protocol. Firstly, a summary of the number of acupoints and meridians utilized in the 14 articles was presented (Figure 9). It is worth noting that most articles have utilized the Governing Vessel (GV) and the Gallbladder Meridian (GB), and the majority of articles employed the use of Baihui points (GV20) and Extraordinary head and neck point 1(EX-HN1) and Fengchi (GB20). Among the included studies, GV20, EX-HNT1, and GB20 were chosen because of their wide application in traditional Chinese medicine theory and modern research, particularly for anxiety associated with Parkinson's disease. In TCM theory, the onset of PD is associated with liver and kidney yin deficiency, qi and blood deficiency, and factors such as internal wind, fire, phlegm, and blood stasis. Treatment usually involves tonifying the liver and kidneys, calming the internal wind to stop tremors, and replenishing qi and blood. Anxiety is classified as an “emotional disorder” and is closely related to disorders of the heart, liver, spleen and kidneys. TCM treats anxiety by calming the liver, regulating qi, balancing qi and blood, and balancing yin and yang. GV20 is a key acupoint on the head, closely related to the “heart spirit” and “brain spirit,” and plays a role in regulating mental activity and consciousness. It is highly effective in relieving symptoms such as insomnia, irritability, and heart palpitations caused by anxiety. Modern research has shown that acupuncture at GV meridian can affect mood and cognitive function by regulating the central nervous system (Jingying et al., 2022; Li H. et al., 2022; Xie et al., 2021). EX-HN1 is often used with GV20 to tonify qi, elevate yang, invigorate the brain and calm the mind, which is usually used with GV20 to enhance the sedative and anxiolytic effects by stimulating multiple acupoints. It has shown good results in the treatment of anxiety, memory loss, insomnia, etc, and is used frequently in clinical practice (Li et al., 2021; Liu et al., 2020). GB20 has the functions of pacifying the liver, suppressing yang, dispersing wind and unblocking the meridians. It helps to regulate emotions. Traditional Chinese medicine believes that emotional disorders (such as anxiety and fear) are closely related to liver and gallbladder dysfunction. Therefore, acupuncture at GB20 helps to relieve liver and gallbladder qi and balance the body's qi and blood, thereby regulating emotions. Modern research has found that acupuncture at GB20 can improve blood circulation, increase the supply of oxygen to the brain and regulate the secretion of neurotransmitters (such as dopamine and serotonin), thereby affecting the balance of the central nervous system (Li et al., 2018; Aroxa et al., 2016). The selection of these acupuncture points is based on the theory of traditional Chinese medicine that the liver and gallbladder are associated with emotions, as well as modern research into the role of acupuncture in regulating the central nervous system. In particular, in Parkinson's patients, neurological abnormalities associated with anxiety symptoms are thought to be related to traditional concepts such as liver and gallbladder disharmony and insanity. Acupuncture at these points can regulate the patient's neurological and emotional state, thereby relieving anxiety.
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FIGURE 9
 Visualizations of the use of acupuncture points and meridians.


Acupuncture is one of the most important therapies in TCM and is widely used in clinical practice. However, the application and promotion of acupuncture research in the international academic community still faces many challenges. One of the most prominent problems is the lack of standardization in design and implementation. This lack of standardization not only affects the clinical promotion of acupuncture therapy, but also limits its scientific validation and application in the field of medicine. Therefore, regarding the future standardized protocol for acupuncture treatment of PD anxiety, we recommend the following: 1. The intervention methods in acupuncture research need to be standardized. In acupuncture research, factors such as the selection of acupuncture points, the depth of insertion, the manipulation technique, and the retention time can directly affect the therapeutic effect. At present, most clinical acupuncturists mainly use individualized acupoint selection guided by TCM theory, but this can lead to differences in acupuncture methods in different studies, which often makes it difficult to compare results across studies. In order to improve the repeatability and comparability of acupuncture research, acupuncture operations need to be detailed, standardized and unified in the research design. Based on the results of this study, we recommend that in future acupuncture research on the treatment of anxiety-related symptoms of PD, the acupuncture points selected should focus on GV and GB as much as possible; 2. The control design in acupuncture research needs to be standardized as soon as possible. RCTs are the “gold standard” for clinical verification of acupuncture therapy, but in acupuncture research, selecting an appropriate control group is a major challenge. Common control methods include the use of placebo needles, routine treatment controls or blank controls. Different control methods can lead to very different interpretations of the research results. Although some studies have found that placebo needles may have a placebo effect (Wang, 2024), they are currently the best control method because they can better control psychological effects and enhance the internal validity of the experimental results. Therefore, in the design of acupuncture studies, it is recommended to select a placebo control group to ensure the reliability of the results; 3. The evaluation criteria for the efficacy of acupuncture usually rely on subjective indicators such as improvement of symptoms and functional assessment, which are highly subjective. To improve the objectivity of the research results, it is recommended to combine objective biomarkers and clinical indicators, such as biochemical test data of serum inflammatory factors, neurotransmitter levels (Fan et al., 2022); 4. A multi-center, large-sample study design can further improve the external validity and generalizability of the research results. Standardizations of data analysis and reporting is also important. In addition to following conventional statistical methods, special attention should be paid to the application of advanced statistical methods such as multiple test correction and effect size analysis in the statistical analysis of acupuncture studies (Lu et al., 2024). The use of data sharing platforms should be encouraged to promote data transparency and academic exchange; 5. Future clinical research designs should incorporate more rigorous follow-up feedback to enable the evaluation of the medium- and long-term efficacy of acupuncture in a more scientific and objective manner, particularly in the context of chronic neurological conditions such as PD.

In conclusion, acupuncture shows promise for alleviating anxiety in PD by targeting key acupoints such as GV20, EX-HN1, and GB20, which regulate emotional and neurological function. However, challenges in standardizing research design, control groups and outcome measures limit their clinical validation. Future studies should focus on developing standardized protocols, incorporating objective biomarkers, using placebo-controlled RCTs, and conducting multicentre, large-sample trials. Rigorous follow-up and advanced statistical methods will further increase the reliability and applicability of the results and promote the global acceptance of acupuncture for PD-related anxiety.



8 Conclusion

Our analysis suggests that MA holds promise for ameliorating anxiety in patients with PD, especially when combined with RDT. However, the evidence supporting these findings is limited by the overall low quality of the included randomized controlled trials RCTs, which reduces confidence in the observed benefits. In contrast, EA and AT did not show significant efficacy in reducing anxiety symptoms. This suggests that future studies need to investigate these methods further, with an emphasis on high-quality, rigorously designed RCTs that include robust controls, including sham acupuncture, and longer follow-up periods to assess long-term outcomes. Until more conclusive evidence is available, the therapeutic potential of acupuncture for PD-related anxiety should be interpreted with caution.
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Background: Parkinson’s disease (PD) is an age-related neurodegenerative disease characterized by the death of dopamine neurons in the substantia nigra. A large number of studies have focused on dopamine neurons themselves, but so far, the pathogenesis of PD has not been fully elucidated.
Results: Here, we explored the significance of oligodendrocyte precursor cells (OPCs)/oligodendrocytes in the pathogenesis of PD using a bioinformatic approach. WGCNA analysis suggested that abnormal development of oligodendrocytes may play a key role in early PD. To verify the transcriptional dynamics of OPCs/oligodendrocytes, we performed differential analysis, cell trajectory construction, cell communication analysis and hdWGCNA analysis using single-cell data from PD patients. Interestingly, the results indicated that there was overlap between hub genes and differentially expressed genes (DEGs) in OPCs not in oligodendrocytes, suggesting that OPCs may be more sensitive to PD drivers. Then, we used ROC binary analysis model to identify five potential biomarkers, including AGPAT4, DNM3, PPP1R12B, PPP2R2B, and LINC00486.
Conclusion: In conclusion, our work highlights the potential role of OPCs in driving PD.
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1 Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease, the main pathological feature of which is the degeneration and death of dopaminergic neurons in the substantia nigra compacta of the midbrain (Coukos and Krainc, 2024; Ben-Shlomo et al., 2024). Causes of dopamine neuron cell damage include but are not limited to, α-Synuclein aggregation and the presence of Lewy bodies, oxidative stress triggering mitochondrial dysfunction, and abnormal autophagy [see review (Poewe et al., 2017; Dexter and Jenner, 2013; Dong-Chen et al., 2023) for details]. Despite extensive work in decoding the molecular mechanisms driving PD, the heterogeneous etiology of PD has not been fully answered to date (Surguchov, 2022). Indeed, most research focuses on dopamine neurons themselves while ignoring other cell types, such as glial cells (Guo et al., 2018; Surmeier, 2018; Xiao et al., 2023). Currently, with the rise of single-cell sequencing technology, some work has attempted to uncover the progression of PD from the perspective of cell communication and cellular heterogeneity at the single-cell level (Huang et al., 2022; Smajić et al., 2022). Emerging clues suggest that drivers of PD progression may lie outside dopamine neurons or between dopamine neurons and other cells (Huang et al., 2022; Drobny et al., 2021). Hence, decoding the transcriptional signatures of cells other than dopamine neurons is capable of providing valuable information on the mechanisms of PD.

There is a consensus that the correct execution of brain functions requires integrity in which functionally distinct neurons and non-neuronal cells interact in a coordinated and tightly regulated manner. Neuronal/oligodendrocyte precursor cells (OPCs) (Maldonado and Angulo, 2015; Xiao and Czopka, 2023), neuronal/oligodendrocytes (Mitew et al., 2018; Azevedo et al., 2022) have been characterized, but it is not enough. OPCs are also called NG2-glial cells or O2A cells. Their main function is to serve as precursors of oligodendrocytes (Hayashi and Suzuki, 2019). Functionally, OPCs give rise to oligodendrocytes, which then wrap around axons and form myelin to provide electrical insulation (Nishiyama et al., 2021; Mi et al., 2009). Additionally, the most intriguing facet of OPCs is the fact that they represent the only type of glial cells that receives direct synaptic inputs from neurons and exhibits neuronal-like long-term potentiation (LTP) at excitatory synapses (Zhang et al., 2021). And it is widely accepted that OPCs participate in neuronal circuitries in health and disease (Nagai et al., 2019). Furthermore, deficiency of NG2 glia contributes to neuroinflammation and nigral dopaminergic neuron loss in MPTP-induced mouse PD model (Zhang et al., 2019). A recent study reports that transcriptome changes in oligodendrocytes and OPCs can predict clinical outcomes in PD. This work identified a unique subtype of OPCs that showed predictive power for movement disorders and was significantly increased in PD (Dehestani et al., 2023). The above provides an exciting perspective that genetic disturbances in OPCs/oligodendrocytes may serve as predictive targets for PD. Identification of PD biomarkers that can be used in clinical diagnosis and research, such as extensive molecular genetic studies, is crucial; however, these biomarkers remain to be explored, especially in non-neuronal cells. Weighted gene co-expression network analysis (WGCNA) has been extensively used in different fields, such as PD (Jin et al., 2020), reproductive development (Zhang et al., 2022; Zhang et al., 2023b), to explore the association between gene networks and phenotypes of interest, as well as the hub genes in the network, and ultimately identifies biomarkers. Recently, an exciting work has provided WGCNA on single-cell datasets, called hdWGCNA, which enables researchers to perform more efficient identification of single-cell data (Morabito et al., 2023).

Unfortunately, early PD studies in humans are almost impossible due to various limitations. Therefore, it is very important to use animal models to study the regulatory mechanism of early PD. In this study, a rat PD model dataset was selected for WGCNA analysis to obtain the key genes that regulate early PD. This model can reshape the main case features of PD in rats, such as the formation of Lewy bodies (Hentrich et al., 2020). The results repute that PD progression may be associated with oligodendrocyte transcriptional abnormalities. Further, we performed hdWGCNA analysis on OPCs/oligodendrocytes/neuronal cells of two human brain regions in single-cell transcriptomes. Interestingly, our results highlight that the early stages of PD may be driven by OPCs rather than oligodendrocytes.



2 Methods and materials


2.1 Dataset correction and preprocessing

To investigate the progression mechanism of PD and perform WGCNA, we first collected bulk RNA-seq data (GSE150646) from an SNCA overexpression rat model, including 20 samples (Hentrich et al., 2020). Quality control of single-cell samples is based on the number of genes detected, the number of total RNA molecules detected, and the percentage of mitochondria or ribosomes from each sample. Since they come from different experiments, we adopt different data filtering methods. Expressly, for GSE140231, this study first excludes the data of two cases of cerebral amyloid angiopathy and it only includes four cortex single cell data (Agarwal et al., 2020), and the data filtering threshold is 10,000 > nCounts_RNA > 1,000, nFeature >200, and the percentage of mitochondrial genes <10%. For GSE157783, all samples were included in the study and the data filtering threshold is nCounts_RNA > 1,000, nFeature >200, and the percentage of ribosomes genes <0.05% (Smajić et al., 2022). Moreover, we used a bulk RNA-seq dataset (GSE205450) of one human brain region for validation (Irmady et al., 2023).

This is an observational study. The Ethics Committee of Qingdao Agricultural University has confirmed that no ethical approval is required.



2.2 The workflow of scRNA-seq

After obtaining high-quality single-cell data through quality control, the data were processed using the Seurat (R software package v4.4.0) (Hao et al., 2021). The two datasets were then merged, and dimension reduction was performed using the canonical correlation analysis algorithm. The dimensionality reduction and clustering results are visualized by the uniform manifold approximate projection (UMAP) method at a resolution of 0.3 and a dimension of 10 via plot1cell (R software package v0.0.0.9000) or Seurat (R software package v4.4.0) (Hao et al., 2021; Wu et al., 2022). Next, cluster annotation using classic marker genes, Oligodendrocytes [MOBP, MOG (Montague et al., 2006; Juryńczyk et al., 2019)], OPCs [VCAN (van Bruggen et al., 2017)], Astrocyte [AQP4, GFAP (Ikeshima-Kataoka, 2016; Jurga et al., 2021)], Neuronal [GAD1, GAD2 (Kodama et al., 2012)], Microglia [CD74 (Hwang et al., 2017)], Endothelial [EGFL7, CLDN5 (Jang et al., 2011)] and Ependymal [FOXJ1 (Shah et al., 2018)].



2.3 Identification of differentially expressed genes (DEGs)

For bulk RNA-seq data, the DESeq2 (R software package v1.42.1) was used for the DEGs detection, and the input was the gene counts matrix (Love et al., 2014). Only genes satisfying padj < 0.05 & |log2FoldChange| > 0.5 were considered DEGs. For scRNA-seq data, FindMarkers() function of the Seurat was used for DEGs detection (Hao et al., 2021), and the threshold was set to logfc.threshold >0.1, min.pct > 0.1 and pvalue < 0.05. Unless otherwise specified, the default algorithms and parameters of the software were used.



2.4 Gene functional enrichment analysis

For functional exploration of the gene sets, including DEGs, hub genes and candidate genes, functional enrichment analysis, including Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG), was performed. The clusterProfiler (R software package v4.10.1) and metascape (v3.5.202401011) were used for gene functional enrichment analysis (Wu et al., 2021; Zhou et al., 2019). The significance level of padj < 0.05 was considered as the cut-off threshold.



2.5 Weighted gene co-expression network analysis (WGCNA)

For bulk RNA-seq data, the WGCNA (R software package v1.72–5) was used for WGCNA, and the input was the gene counts matrix. First, missing values and outlier samples were checked (Langfelder and Horvath, 2008). The hclust() function was used to check outlier samples, and samples with obvious outliers were excluded from the analysis. Next, the pickSoftThreshold() function was used to calculate and pick a suitable soft threshold. The blockwiseModules() function was used to construct overexpression networks and module partitioning in one step, and the parameters we set are power = sft$powerEstimate, maxBlockSize = 6,000, TOMType = “unsigned,” minModuleSize = 300, mergeCutHeight = 0.3 and deepSplit = 2. Subsequently, the labeledHeatmap() function was used to visualize the relationship between modules and phenotypes. Note that since the genes in the gray modules did not participate in the clustering of any module, they were not included in the subsequent analysis. The module membership (MM) and gene significance (GS) algorithm was used to mine hub genes of WGCNA in bulk RNA-seq, which are often closely related to traits (Zhang et al., 2022; Zhang et al., 2023b). The cut-off threshold of hub genes was MM > 0.6 and GS > 0.4.

For scRNA-seq data, the hdWGCNA (R software package v0.3.03) was used for WGCNA, and the input was the integrated Seurat object (Morabito et al., 2023). First, we filtered genes. We only included genes expressed in more than 5% of cells as subsequent genes. Merging multiple cell expression patterns (KNN algorithm) into one metacell can avoid the sparsity of single-cell data. Next, three cell types, Oligodendrocytes, Neuronal, and OPCs, were selected for WGCNA analysis. The TestSoftPowers() function was used for appropriate soft threshold screening and visualization. The ConstructNetwork() function was used for scale-free network construction and module division. The GetHubGenes() function obtained hub genes in different modules.



2.6 Construction of pseudo-time trajectories

To investigate the transcriptional dynamics of genes in oligodendrocytes and OPCs during PD progression, we performed pseudo-time trajectories analysis by monocle (R software package v2.24.0), which constructs cell lineage development based on the changes in gene expression levels of different cell subsets over time (Trapnell et al., 2014). The reduceDimension() function is used to determine the trajectory, and the orderCells() function is used to sort cells. Since the algorithm trajectory does not conform to the actual biological law, we manually specified root_state = 2 in this step. The BEAM statistical analysis model was used to calculate cell fate trajectories before and after key fate nodes, using unsupervised clustering genes as markers.



2.7 Analysis of cell–cell communications

To characterize the differences in signal transduction pathways between normal physiological conditions and PD, the CellChat (R software package v1.6.1) algorithm was used to analyze intercellular communication at the single-cell level (Jin et al., 2021). The Cell Communication Database uses CellChatDB.human as a reference. The global cell–cell communication network between normal and PD group was quantitatively and comparatively analyzed using the compareInteractions() function. The netVisual_bubble() function was used to visualize the differences in cellular communication between OPCs-neuronal and oligodendrocytes-neuronal.



2.8 Protein–protein interaction (PPI) network analysis

Proteins interact with each other to form complex interaction networks to regulate various aspects of life processes, such as gene expression regulation, cell cycle regulation, etc. (Tomkins and Manzoni, 2021). The candidate genes were used as inputs for PPI construction using the String online database.2 The default parameters were run, and we removed node proteins with no interactions during visualization.



2.9 Construction of ROC binary analysis model

ROC curve analysis was used to evaluate the diagnostic value of candidate genes for PD and to obtain the final biomarker. The pROC (R software package v1.18.5) was used to calculate ROC curve and visualization. Data from separate datasets (GSE205450) were used for input.




3 Results


3.1 SNCA overexpression causes gene expression disorder in rat brain

PD is a neurodegenerative disease that is closely related to age (Coukos and Krainc, 2024). However, the mechanism of PD progression has not been fully elucidated. Here, we first analyzed the data from the SNCA overexpression rat model and showed that SNCA overexpression could disrupt rat frontocortical gene transcription at an early stage. A total of 2,072 DEGs were obtained, including 1,433 up-regulated genes and 639 down-regulated genes (Supplementary Figure S1A). GO enrichment analysis showed that items related to learning and cognition were significantly enriched, such as “learning or memory,” “cognition,” “learning” (Supplementary Figure S1B). KEGG pathway results suggested that “Neuroactive ligand-receptor interaction” was the most enriched pathway (Supplementary Figure S1C). Interestingly, in the late SNCA overexpression stage (named PD_old group), only 211 DEGs were detected (Supplementary Figure S1D). The GO terms results showed that they were related to “glycosylceramide metabolic process,” “ensheathment of neurons,” and so on (Supplementary Figure S1E), and no KEGG pathway was enriched.



3.2 WGCNA identifies critical modules involved in PD progression

To gain insight into the pathogenesis of PD, especially in its early stages, we used the WGCNA approach. The hierarchical clustering tree showed that one sample had significant outlier performance, so we removed it (Figure 1A; Supplementary Figure S2A). We constructed a scale-free co-expression network for the remaining samples. First, we performed soft threshold selection. The results showed that it performed well and met the goal of building a scale-free network when β = 4 (Figure 1B). Fifteen modules were obtained, among which the turquoise module had the largest number of genes, the cyan module had the least number of genes, and the grey module contained no meaningless genes (Figure 1C). We next attempted to explore the relationship between these modules and PD progression, and the results indicated that the brown module was obviously positively correlated with PD progression (r = 0.83, p = 1e-05) and clearly negatively correlated with the normal phenotype (r = −0.83, p = 1e-05) (Figure 1D). Furthermore, we constructed a clustering matrix of PD phenotypes and modules, and the results showed that the brown module was closely associated with PD (Figure 1E).

[image: Cluster analysis image comprising five panels: Panel A shows a dendrogram and trait heatmap, with sample categories labeled as young, old, normal, and PD. Panel B features graphs depicting scale independence and mean connectivity against soft threshold values. Panel C displays a bar chart with the number of genes across modules labeled by color, highlighting turquoise with the highest count. Panel D presents a heatmap illustrating module-trait relationships with varying color intensities indicating the strength of relationships. Panel E contains an eigengene dendrogram with clusters of modules, highlighting MEbrown linked to PD.]

FIGURE 1
 WGCNA analysis in PD rat models. (A) The hierarchical clustering tree shows the discreteness of different samples, and the different color blocks below represent different phenotypes. (B) Scale-free network topology analysis with different soft threshold powers in scale-free networks. (C) The bar graph shows the number of genes contained in different modules. (D) The heat map shows the correlation between different modules and phenotypes. Purple represents positive correlation, black represents negative correlation, numbers represent correlation coefficients, and numbers in brackets represent p-value. (E) The hierarchical clustering diagram shows the relationship between PD progression and various modules.




3.3 Key module annotation suggests that PD is associated with oligodendrocyte abnormalities

After identifying the key modules, we explored the functions of the genes within the brown modules. The GO annotation results showed that the genes in the module were involved in “oligodendrocyte differentiation,” “oligodendrocyte development,” “glial cell development,” “regulation of gliogenesis,” etc. Moreover, “oxidoreduction-driven active transmembrane transporter activity” was also enriched (Figure 2A). This result suggests that abnormalities in oligodendrocytes may drive the progression of PD. Next, the MM&GS algorithm identified the hub gene in the brown module (Figure 2B), and functional annotation of hub genes was also performed. The GO annotation results showed that the hub genes were related to “oligodendrocyte differentiation,” “oligodendrocyte development,” “glial cell development,” “ATP synthesis coupled electron transport,” etc. (Figure 2C). The KEGG pathway results showed that the hub genes were involved in “oxidative phosphorylation” (Figure 2D). This result suggests that mitochondrial dysfunction is also involved in the progression of PD. Subsequently, we compared the relationship between hub genes and DEGs. The results showed that hub genes had 162 overlapping DEGs in the two groups (Figure 2E). The GO annotation of 162 genes indicated that they were associated with “oligodendrocyte differentiation,” “mitochondrial respiratory chain complex I,” etc. (Figure 2F). The above results strongly suggested that oligodendrocyte abnormalities are significant for the progression of PD.

[image: Group of six panels showing data visualizations and charts related to gene analysis. Panel A: Bar chart highlighting gene processes and their p-values with a gradient color scale. Panel B: Scatter plot illustrating module membership vs. gene significance, with clusters in red and yellow. Panel C: Similar bar chart to Panel A, but with different p-value color scale and gene processes. Panel D: Bubble chart depicting gene ratios for various processes with bubble size indicating count. Panel E: Venn diagram displaying overlaps among hub genes, old DEGs, and young DEGs. Panel F: Another bar chart with gene processes highlighted in a green-yellow color scale.]

FIGURE 2
 Functional exploration of genes in the key modules of WGCNA. (A) The bar plot shows the top 20 GO functional annotations of genes in the brown module, including biological Process (BP), cellular component (CC), and molecular function (MF). (B) The scatter plot shows the hub genes screening by MM&GS algorithm, and the red star points are hub genes. (C) The bar plot shows the top 20 GO functional annotations of hub genes, including BP and CC. (D) The dot plot shows the KEGG pathways of hub genes. (E) The Venn diagram shows the relationship between hub genes and DEGs. (F) The bar plot shows the top 20 GO functional annotations of shared genes between hub genes and DEGs, including BP, CC, and MF. Of note, the red triangles appearing in the functional annotations represent entries related to glial cell development.




3.4 scRNA-seq altas of human brain in normal and PD

Considering that the above analysis was performed in a rat model, to verify our hypothesis that oligodendrocyte abnormalities are involved in PD progression, we reanalyzed two human brain tissue scRNA-seq data sets (see detail in Supplementary Table S1). The UMAP map showed that 47,562 cells, including 28,621 cells in the normal group and 18,941 cells in the PD group, were obtained by dividing into 17 clusters, and a total of 7 cell types were annotated (Figure 3A; Supplementary Figure S3A). The dot plot showed the expression characteristics of related cell type marker genes in different groups, Oligodendrocytes [MOBP, MOG (Montague et al., 2006; Juryńczyk et al., 2019)], OPCs [VCAN (van Bruggen et al., 2017)], Astrocyte [AQP4, GFAP (Ikeshima-Kataoka, 2016; Jurga et al., 2021)], Neuronal [GAD1, GAD2 (Kodama et al., 2012)], Microglia [CD74 (Hwang et al., 2017)], Endothelial [EGFL7, CLDN5 (Jang et al., 2011)] and Ependymal [FOXJ1 (Shah et al., 2018)] (Figure 3B). Moreover, we used UMAP to display the maps of different groups and different samples (Supplementary Figures S3B,C).

[image: Multifaceted diagram illustrating single-cell RNA sequencing data in normal and Parkinson’s disease (PD) conditions. Panel A shows cell type distributions with a key for oligodendrocytes, neurons, and others. Panel B presents gene expression via dot plots, contrasting normal and PD across cell types. Panels C and D display UMAP plots comparing cell clustering between normal and PD states. Panels E and F feature bar graphs of gene ontology (GO) terms linked to biological processes, highlighting differences in gene regulation and cellular processes between the two conditions.]

FIGURE 3
 Integrated scRNA-seq data revealed a cellular landscape associated with PD. (A) The UMAP plots of control and PD cell distribution. (B) The dot plots show the expression patterns of different cell type marker genes in the PD and normal group. (C) UMAP plots of OPCs between PD and Normal group, left is normal and right is PD group. (D) UMAP plots of oligodendrocytes between PD and Normal group, left is normal and right is PD group. (E,F) The bar plot shows the top 10 GO functional annotations of DEGs of PD vs Normal group in OPCs (E) and oligodendrocytes (F).


Taking the WGCNA results into account, OPCs were also included in the analysis because they are precursors of oligodendrocytes. First, we extracted oligodendrocyte populations from the integrated data and re-clustered and visualized them. The results showed that there were significant differences in OPCs between the PD and Normal groups (Figure 3C). 1,435 DEGs were detected in OPCs (Supplementary Table S2). This result seems to suggest that PD progression was driven by OPCs. Interestingly, the top GO term of DEGs in OPCs was “regulation of nervous system development” (Figure 3E). The KEGG pathway results showed that “Chemical carcinogenesis - ROS” was most enriched (Supplementary Figure S3D). Next, the same analysis was performed on oligodendrocytes, and the UMAP showed the differences between PD and Normal groups (Figure 3D). Further, we performed differential analysis with a total of 851 DEGs (Supplementary Table S3). The GO annotation showed that the 851 DEGs were participated in “protein folding,” etc. (Figure 3F). The KEGG pathway results suggested that they were related to neurodegenerative diseases, such as “Parkinson disease,” “Huntington disease,” “Alzheimer disease” (Supplementary Figure S3E).



3.5 The pseudo-time trajectory of oligodendrocytes and OPCs

To dissect the fate decisions of OPCs/oligodendrocytes throughout the study period, they were sorted according to their gene expression patterns in a pseudo-temporal trajectory. We defined the stage in which OPCs were as the initial stage of the trajectory, and then a total of three cell stages were obtained, which were classified into two different cell fates (Figures 4A,B). Subsequently, we attempted to explore the transcriptional regulatory program of OPCs differentiation into oligodendrocytes, and the results suggested that PI3K/AKT/mTOR signaling may play a key role (Supplementary Figures S4A,B). Next, we observed the proportion of cells in different groups at three different cell stages, and we found that the proportion of PD cells was higher in state_3. We speculated that the stage where state_3 was located may be driven by the development of PD (Figure 4C). Next, we used the BAEM algorithm to try to parse the driving factors that lead to different cell fate decisions. Interestingly, we found that the emergence of cell fate_1 was driven by two distinct gene expression patterns. The SNCA gene was highly expressed in cell fate 1 and lowly expressed in cell fate_2, which is consistent with the fact that high SNCA expression promotes PD progression (Hentrich et al., 2020; Figures 4A,D). We divided the genes driving cell fate decisions into four gene sets. C2 was highly expressed in cell fate_1(PD), and functional enrichment analysis showed that “regulation of autophagy” and “Parkinson disease” were significantly enriched (Figure 4E). C3 was highly expressed in cell fate_2 (Normal), and functional enrichment analysis showed that “regulation of TOR signaling” and “cell cycle” were significantly enriched (Figure 4F).

[image: Graphs and charts illustrating cell fate trajectories, gene expression, and functional enrichment. Panels A-C show component plots for cell fate, oligodendrocytes, and states with pseudotime and state distribution. Panel D is a heatmap of gene expression with z-scores. Panels E and F display bar charts of functional enrichment, showing biological processes and pathways with gene count and p-values.]

FIGURE 4
 The pseudo-time trajectory analysis of oligodendrocytes and OPCs in Normal and PD. (A) Single-cell trajectories of oligodendrocytes and OPCs reveal distinct fate trajectories. (B) Single-cell trajectories of oligodendrocytes and OPCs along with celltype. (C) Single-cell trajectories of oligodendrocytes and OPCs during the three states through the pseudo-time. (D) The heatmap shows the dynamic changes in gene expression before and after the fate decision stage 1. (E) The bar plot shows the GO and KEGG pathway functional annotations of C2 cluster genes. (F) The bar plot shows the GO and KEGG pathway functional annotations of C3 cluster genes.




3.6 Alterations in cell–cell communications between oligodendrocytes/OPCs and neuronal in PD

To investigate the dynamics of cell–cell communications between oligodendrocytes/OPCs and neurons, we performed cell–cell communication analysis using CellChat (R software package v1.6.1). The results found that the number and intensity of cell communication in the PD group were higher than those in the normal group (Supplementary Figure S5A). Interestingly, cellular communication between oligodendrocytes/OPCs and neuronal cells was enhanced in PD group (Supplementary Figure S5B). Next, the signals of cell communication in different samples were aligned, and we found two signaling networks related to nervous system development have strong information flows, including NRG, NRGX signaling network (Supplementary Figure S5C). Interestingly, our cell communication networks observed that neurons communicated strongly with OPCs in both NRG and NRXN signaling (Figures 5A,B). Specifically, NRG3-ERBB4 was only present between OPC-neurons (Figure 5C). This result suggests that PD may be driven by OPCs because the communication between OPCs-neurons is closer than that between oligodendrocytes (Maldonado and Angulo, 2015; Xiao and Czopka, 2023; Boulanger and Messier, 2017; Orduz et al., 2015).

[image: Diagram showing NRG and NRXN signaling pathway networks in Parkinson's Disease (PD) and normal conditions. Panels A and B illustrate connections among cell types like astrocytes and neurons. Panel C presents increased signaling in PD, with a heatmap indicating communication probabilities and significance (p-value < 0.01).]

FIGURE 5
 Inference of cell–cell communications in PD and Normal brain by CellChat. (A,B) Cellular communication in the NRG (A) and NRXN (B) signaling networks in PD and Normal. (C) The dot plots demonstrate the significantly increased cellular communication between OPCs-neuronal and oligodendrocytes-neuronal in PD.




3.7 Constructing the gene co-expression network of OPCs/oligodendrocytes/neuronal at single-cell resolution

To construct the gene co-expression network in OPCs/Oligodendrocytes/Neuronal and identify hub genes involved in PD, hdWGCNA analysis was performed. The hdWGCNA results suggested that when the soft threshold β = 4, scale-free network construction can be performed (Figure 6A). The hierarchical clustering tree showed the relationship between modules and genes (Figure 6B). A total of 8 valuable modules were identified (Figure 6C). The UMAP plot was used to display the OPCs/Oligodendrocytes/Neuronal gene co-expression network and highlighted the hub genes of each module involved in nervous system development (Figure 6D). The dot plot showed that the turquoise module is highly expressed in PD group, and the co-expression network of the top 25 hub genes was displayed (Figures 6E,F). Gene function annotation results showed that the hub genes of the turquoise module were involved in “negative regulation of neurogenesis,” “JNK kinase binding,” and so on (Figure 6G).

[image: A series of charts and diagrams analyzing Parkinson's disease. (A) Four line graphs show soft power threshold analysis. (B) Dendrogram illustrates hierarchical clustering of genes, highlighting module colors. (C) Multiple bar charts display module membership and gene significance across color-coded modules. (D) Co-expression network map highlights gene linkages in colored clusters. (E) Dot plot compares average expression and percent expressed across modules in Normal vs. Parkinson's Disease. (F) Network diagram of gene interactions within a turquoise module. (G) Dot plot analyzes pathways related to synapse and protein regulation, with significance visualized by color and size.]

FIGURE 6
 Overview of single-cell hdWGCNA results for oligodendrocytes, OPCs and neuronal cells. (A) Scale-free network topology analysis with different soft threshold powers in scale-free networks. The best soft threshold is highlighted. (B) The hierarchical clustering tree shows the relationship between genes and modules in the genes co-expression network. (C) Gene features within different modules, showing the top 10 genes with the highest connectivity. (D) The co-expression network of oligodendrocytes, OPCs and neuronal cells. (E) The dot plot shows the expression characteristics of different modules in different groups. Yellow star marks the modules with high expression in PD. (F) Co-expression network of the top 25 genes in the turquoise module. (G) The dot plot shows the GO functional annotations of top 200 genes in the turquoise module, including BP, CC, and MF.




3.8 Identification of specific biomarkers for predicting PD progression

We compared the relationship between hub genes and DEGs from scRNA-seq data, and the results showed that hub genes had 45 overlapping DEGs in OPCs groups. In contrast, it had no overlap with oligodendrocytes, which suggesting that PD progression may be more sensitive to OPCs. In other words, studying OPCs may be more critical (Figure 7A). Only four terms were enriched, including “regulation of RNA splicing,” “cell junction assembly,” “negative regulation of neuron projection development” and “protein polyubiquitination” (Figure 7B). Then, the PPI network was built, and showed PPP2R2B, DNM3 and ATXN1 may play a significant role (Figure 7C). Importantly, we sought to identify markers that drive PD and performed ROC binary analysis model in an independent dataset (Supplementary Table S1). The results showed that AGPAT4, DNM3, PPP1R12B, PPP2R2B and LINC00486 levels could distinguish PD patients from healthy controls. The area under the ROC curve was followed by 0.764, 0.745, 0.725, 0.721, and 0.711, which suggesting these five gene may serve as the potential biomarkers for predicting PD (Figure 7D).

[image: Four panels display scientific data. Panel A shows a Venn diagram with overlapping circles: 155 hub genes, 188 oligodendrocyte differentially expressed genes (degs), and 1202 OPC degs, with 45 genes common to all. Panel B presents a network diagram illustrating gene groups involved in RNA splicing, cell junction assembly, neuron projection development regulation, and protein polyubiquitination. Panel C features a gene interaction network with various labeled gene nodes. Panel D contains five ROC curves assessing gene predictive power with AUC values between 0.711 and 0.764, showing sensitivity versus specificity for different genes.]

FIGURE 7
 The identification of candidate biomarkers in PD. (A) Venn diagram shows the comparative analysis of hub genes and DEGs in the turquoise module. (B) The functional enrichment network of 45 candidate genes. (C) The PPI network of 45 candidate genes. (D) The ROC curve of candidate biomarkers. The figure shows the best sensitivity, specificity and AUC values.





4 Discussion

Emerging scRNA-seq applications have promoted the qualitative development of life sciences by shaping the unbiased transcriptomic roles of individual cells, such as mechanism of PD, reproductive development, identification of tumor subcellular populations, etc. (Smajić et al., 2022; Zhang et al., 2023a; Kieffer et al., 2020). With the optimization and development of analysis algorithms, it is easier to monitor transcriptional dynamics and construct cell development trajectories, and reveal the mechanisms of gene expression regulation (Morabito et al., 2023; Trapnell et al., 2014; Jin et al., 2021). Here, in this study, through bulk RNA-seq and single-cell WGCNA analysis, we highlighted the role of OPCs in PD progression. In addition, we identified five potential biomarkers using ROC binary analysis model, including AGPAT4, DNM3, PPP1R12B, PPP2R2B, and LINC00486.

By WGCNA analysis of bulk RNA-seq, the results suggested that oligodendrocyte transcriptional disorders may be involved in regulating PD progression. Oligodendrocyte is a type of glial cell whose primary function is to wrap around axons in the central nervous system and form an insulating myelin structure (Duncan et al., 2021). Its abnormality may induce neuronal damage (Pandey et al., 2022).

Next, we integrated two different single-cell data to provide more biological information. Cell trajectory analysis is able to infer the differentiation trajectory of cells during development or the evolution of cell subtypes (Trapnell et al., 2014). In our analysis, consistent with previous knowledge, OPCs, as precursor cells of oligodendrocytes (Huang et al., 2020), were in the early stages of the cell trajectory, while oligodendrocytes appear in two different cell fate stages along the cell trajectory, which can explain the results of WGCNA, that is, oligodendrocyte abnormalities promote PD. Then, the BEAM algorithm was used to analyze the transcriptional patterns that caused this cell fate transition and, as expected, found that two different transcriptional patterns drove the generation of cell fates. Significantly, we found that SNCA was in a state of gradually high expression in cell fates with a high proportion of PD cells. As far as we know, high expression of SNCA usually means the accumulation of α-Synuclein and the occurrence of PD (Hentrich et al., 2020; Oliveira et al., 2015). Cell communication analysis can provide differential information about how cell subpopulations within different groups achieve signal transduction through ligand-receptor binding (Jin et al., 2021). The analysis results showed that the inflammatory signaling network is significantly enhanced in PD group, such as IL16 and CD22. Because it was found that the neural response to inflammation in the brain area of PD patients was enhanced (Pereira et al., 2023). Moreover, a large number of ligand-receptor interactions were observed to be enhanced in OPCs-neuronal and oligodendrocytes-neuronal in PD. Interestingly, we found that OPCs-neuronal signaling was stronger than oligodendrocytes-neuronal signaling. One example is the enhancement of NRG ligand-mediated signaling, which was highlighted in a review regarding its relevance to PD (Iwakura and Nawa, 2013). The above results supported that changes in the transcriptional patterns of oligodendrocytes/OPCs are involved in regulating the progression of PD.

On the other hand, we explored the gene co-expression network of oligodendrocytes/OPCs/neuronal cells at the single-cell level by hdWGCNA analysis, a novel and soon-to-be widely used algorithm (Morabito et al., 2023; Sziraki et al., 2023). A new functional module involved in regulating PD was identified, and the hub genes showed the presence of genes that potentially regulate the development of the nervous system, such as DNM3 and DST (Trinh et al., 2016; Lalonde and Strazielle, 2023). Furthermore, we compared and analyzed the hub genes with DEGs. Interestingly, the hub genes overlapped only with the DEGs of OPCs, but not with those of oligodendrocytes, which seems to indicate that abnormal developmental regulation of OPCs drives PD formation. A recent report showed that the transcriptional dynamics of OPCs can effectively predict the clinical prognosis of PD (Dehestani et al., 2023). The above suggested that more work is needed to focus on the mechanisms by which OPCs regulate the progression of PD. Importantly, we attempted to use the ROC binary analysis model to identify effective biomarkers to identify PD better. Based on the AUC values, we selected five biomarkers, including AGPAT4, DNM3, PPP1R12B, PPP2R2B, and LINC00486. AGPAT4 is mainly involved in regulating lipid metabolism and is an acylglycerol phosphate acyltransferase. It has been reported to be abnormally expressed in PD (Girard et al., 2020). DNM3 belongs to the dynein family and is involved in regulating the development of the nervous system (GO database), but its role in PD seems to be ambiguous (Trinh et al., 2016; Berge-Seidl et al., 2019). PPP1R12B encodes protein phosphatase 1 regulatory subunit 12B, which may be involved in regulating PD through LRRK2 (Häbig et al., 2008). Another evidence showed that it interacts with IL16, and in our analysis, the IL16 signaling network was significantly enhanced in PD (Bannert et al., 2003), which further emphasized that PPP1R12B plays a key role in PD. PPP2R22B encodes the Serine/threonine-protein phosphatase 2A 55 kDa regulatory subunit B beta isoform, which is also a protein phosphatase involved in the negative control of cell growth and division, and has been reported to be downregulated in PD (Mayer et al., 1991; Cheng et al., 2009; Kim et al., 2017). LINC00486 is a long intergenic non-protein coding RNA that participates in “Protein aggregates” through epigenetic regulation (Shmookler Reis et al., 2021). It is worth noting that Lewy bodies formed by the accumulation of α-Synuclein are a prominent pathological feature of PD (Dong-Chen et al., 2023; Hentrich et al., 2020), although there is no direct evidence showing the relationship between LINC00486 and Lewy bodies.

Although we used the latest algorithms and described the transcriptional signatures of OPCs/oligodendrocytes/neuronal cells under normal and PD conditions, our analysis is not without limitations. The first and most prominent limitation is that we lack the necessary experimental validation, although these data are derived from human samples of PD disease. Our analysis showed that these candidate biomarkers are DEGs that were highly associated with PD, but experimental validation is still lacking. In addition, we have not explored the molecular mechanisms by which OPCs participate in regulating PD, which needs to be strengthened in future studies.



5 Conclusion

In summary, our work highlights the potential value of OPCs in driving PD and screens five potential biomarkers, including AGPAT4, DNM3, PPP1R12B, PPP2R2B, and LINC00486.
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SUPPLEMENTARY FIGURE S1 | Transcriptome differences in PD rat models. (A) The volcano plot shows the DEGs from PD_young vs young group. The horizontal axis is log2 FoldChang, and the vertical axis is −log10(padj). (B) The top 10 GO terms of DEGs in (A), the color represents padj, and the horizontal axis expresses the number of genes. (C) The top 10 KEGG pathways of DEGs in (A), the color represents padj, and the size of dot expresses the number of genes. (D) The volcano plot shows the DEGs from PD_old vs old group. The horizontal axis is log2 FoldChang, and the vertical axis is −log10(padj). (E) The top 10 GO terms of DEGs in (D), the color represents padj, and the horizontal axis expresses the number of genes.

SUPPLEMENTARY FIGURE S2 | (A) The hierarchical clustering tree shows the discreteness of all samples.

SUPPLEMENTARY FIGURE S3 | (A,B) The UMAP plots shows the seurat_clusters, groups (B left) and smaples (B right) in integrated data (GSE140231 and GSE157783). (C) The UMAP plots shows the groups (up) and smaples (down) in OPCs. (D) The UMAP plots shows the groups (up) and smaples (down) in oligodendrocytes. (E) The dot plot shows all KEGG pathways of DEGs of PD vs Normal group in OPCs. (F) The dot plot shows the top 10 KEGG pathways of DEGs of PD vs Normal group in oligodendrocytes.

SUPPLEMENTARY FIGURE S4 | (A) Expression trends of VCAN, MOBP, and MOG in pseudo-time trajectories. (B) Heatmap shows the changes in the expression of regulatory genes in the differentiation of OPCs into oligodendrocytes. (C) The dot plot shows the KEGG pathway functional annotations of regulatory genes in the differentiation of OPCs into oligodendrocytes.

SUPPLEMENTARY FIGURE S5 | (A) The bar graph shows the cell communication profile in brain tissues of PD and Normal group, with the number of cell communications on the left and the intensity of cell communication on the right. (B) The network diagram shows the amount of cell communication in different cell types, with the PD group on the left and the Normal group on the right. (C) The bar chart shows the interaction network between PD and Normal samples arranged by the overall information flow differences.

SUPPLEMENTARY TABLE S1 | The detail information of data collection.

SUPPLEMENTARY TABLE S2 | The DEGs of oligodendrocytes between PD vs. Normal group.

SUPPLEMENTARY TABLE S3 | The DEGs of OPCs between PD vs. Normal group.
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Background: Parkinson’s disease psychosis (PDP) is one of the most severe and disabling non-motor symptoms in the progression of Parkinson’s disease (PD), significantly impacting the prognosis of PD patients. In recent years, there has been an increase in literature on PDP. However, bibliometrics has rarely been applied to PDP research. This study provides an overview of the current state of PDP research and predicts future trends in this field.
Methods: The literature search was conducted using the Web of Science Core Collection, with the search terms (Parkinson* AND (psychotic* OR hallucination* OR illusion* OR delusion* OR misperception* OR psychosis OR psychoses)). VOSviewer and CiteSpace software were employed to perform bibliometric analysis and visual representation of the search results.
Results: A total of 603 articles were effectively included. Since 2017, there has been a significant upward trend in publications related to PDP. The United States, the United Kingdom, and Canada were the top three contributing countries in terms of publication volume, with France also having a strong influence in this field. Movement Disorders and King’s College London included and published the most articles on PDP. The paper titled “Hallucinations in Parkinson’s Disease: Prevalence, Phenomenology, and Risk Factors” received the highest number of citations and average citations. Cluster analysis results identified brain, prevalence, connectivity, and atypical antipsychotics as key hotspots in this field. High-frequency keywords were grouped into three themes: neurobiology, therapeutic strategies, and symptom research. Among them, pimavanserin, risk, and functional connectivity have been the most studied areas in the past 7 years and are likely to remain key topics in future research.
Conclusion: Research on PDP has garnered increasing attention. This study visualizes PDP research over the past 25 years to analyze global hotspots and trends. It offers researchers a valuable perspective for identifying key topics and understanding research trajectories in this expanding field.

Keywords
 Parkinson’s disease psychosis; PDP; bibliometric analysis; hotspots; global trends


1 Introduction

Parkinson’s disease psychosis (PDP) is a common psychiatric manifestation in the natural course of Parkinson’s disease (PD) and is one of the most complex and disabling features among the various non-motor symptoms of PD. The hallmark characteristics include a spectrum of psychotic symptoms ranging from minor hallucinations (MHs) to widespread multimodal hallucinations and delusions (Ffytche et al., 2017a). More than 40% of patients with PD experience psychosis, and these symptoms tend to worsen as the disease progresses, leading to increased hospitalization rates (Rissardo et al., 2022), morbidity, and mortality (Eichel et al., 2022). PDP is one of the primary determinants of nursing home placement and caregiver burden, further complicating the management of PD (Angelopoulou et al., 2022). It severely impacts the quality of life for patients and caregivers, posing a significant challenge in the treatment of PD.

A 12-year longitudinal study on PDP populations revealed that patients with a higher age at PD onset and the presence of rapid eye movement (REM) sleep behavior disorder (RBD) have an increased risk of developing PDP. This pattern of risk factors, along with the concurrent development of psychiatric symptoms, disability, and dementia, places PDP within a symptom complex that suggests it is indicative of a malignant progression of PD (Forsaa et al., 2010). However, the exact neurobiological mechanisms remain unclear. Multiple brain structures and pathways are involved in the onset of PDP, including cortical and neuronal loss, gliosis, and Lewy body pathology (Fischer et al., 2021). It is currently established that the neurobiological mechanisms of PDP differ from those of other psychiatric disorders and present distinct clinical features (Weintraub and Mamikonyan, 2019). Therefore, integrating clinical assessment with the evaluation of PDP symptoms and mechanisms should be the foundation of ongoing research (Mangone et al., 2024). Factors such as visual processing disorders, neurotransmitter system and structural abnormalities, genetic factors, deep brain stimulation, and sleep disturbances are believed to be associated with the development of PDP (Zahodne and Fernandez, 2008). Hallucinations and delusions may result from the hyperactivation of pyramidal neurons in the visual cortex, leading to visual hallucinations (VHs), and the hyperactivation of the mesolimbic pathway (Cummings et al., 2022). Moreover, the treatment poses significant challenges. Controlling psychiatric symptoms without exacerbating motor dysfunction is crucial in the management of PDP (Cummings et al., 2014). Additionally, the visual disturbances associated with PDP are linked to a poorer prognosis (Naumann et al., 2021) and future cognitive decline (Powell et al., 2022). Early diagnosis and the prediction of risk factors are essential for delaying the onset of PDP. Therefore, a comprehensive review of PDP research is necessary.

With the increasing public awareness, the number of PDP-related studies has also been rising. Bibliometric analysis is a tool used to study the quantitative characteristics and distribution patterns of literature and related information. It combines methods from statistics, informatics, and social sciences to systematically analyze indicators such as the number of publications, citation counts, and author’s research output, thereby revealing trends and developments in scientific research (Donthu et al., 2021). Bibliometric analysis not only focuses on the impact of individual publications but also examines the overall performance of academic journals, authors, countries, and institutions, providing a deep understanding of research hotspots, knowledge structures, and academic communication. Core methods include citation analysis, collaboration network analysis, and topic modeling. These methods assist researchers in evaluating the academic impact of research outcomes, identifying key figures and institutions in the field, and providing a basis for scientific policy-making and resource allocation (Ellegaard and Wallin, 2015).

Currently, there are no bibliometric analysis papers specifically focused on the field of PDP. Therefore, this study conducts a detailed search of the Web of Science Core Collection (WoSCC) database and performs a bibliometric and visualization analysis of various aspects such as annual publication volume, international and institutional collaborations, journals, and keywords in this field. The aim is to explore the current state of research, key topics, and trends in PDP, providing valuable references for future studies.



2 Methods


2.1 Data source and search strategy

To ensure the credibility and comprehensive coverage of the data, the WoSCC was selected as the data source, covering the period from its inception to February 7, 2024. This included the Science Citation Index Expanded (SCI-EXPANDED) and the Social Sciences Citation Index (SSCI). The search terms used were related to PDP and were developed based on the Medical Subject Headings search strategy from PubMed. The details of the data source and search strategy are presented in Table 1.



TABLE 1 Summary of data source and search strategy.
[image: Table outlining specific standard requirements. Category includes Database: WoSCC; Citation Index: SCI-EXPANDED, SSCI; Period: start of WoSCC to February 7, 2024; Language: English; Document types: Article, Review; Data extraction: full record and cited references in plain text file. Searching strategies listed as #1: various terms related to psychotic and hallucination, #2: Parkinson*, #3: combination of #2 AND #1.]

The search strategy identified papers that included these terms in the title, abstract, author keywords, or keywords plus. The data were then extracted from the selected publications, exported in the “Plain text file” format, and recorded as “Full record and cited references.” The language was restricted to English, and the publication type was limited to articles and reviews.



2.2 Data analysis

We reviewed the basic information of all documents, including titles, abstracts, and keywords, and consulted PubMed and Sci-Hub databases to complete any missing data. Articles with incomplete or irrelevant information were excluded. To ensure relevance, two authors independently reviewed and screened the papers. We excluded papers that focused primarily on other neurodegenerative diseases, such as Alzheimer’s Disease (AD) or dementia with Lewy bodies (DLB). However, studies that primarily focused on PDP but mentioned other diseases, such as AD or DLB, in a comparative or background context were retained. In cases where articles mention multiple neurodegenerative diseases, a detailed review was conducted to determine whether the focus of the study was primarily on PDP. Studies were retained if PDP was the central topic, even if other neurodegenerative diseases were discussed as part of the research or included in the discussion. Any disagreements were resolved through discussion. After the elimination process, a total of 603 documents remained, all of which were identified using CiteSpace. The flow chart of the data collection process is shown in Figure 1.

[image: Flowchart detailing the selection process for bibliometric analysis on Parkinson psychosis. Starting with 4,647 results from the WOS database, duplicates were removed, resulting in the same count. Applying criteria, including publication time and document type, narrowed it to 3,637. Articles irrelevant or related to Alzheimer’s, Lewy Body dementia, or others were excluded, leading to 603 final results for analysis.]

FIGURE 1
 Flowchart of literature collection.





3 Results


3.1 Distribution of annual publications and citations

A total of 603 papers published from the inception of WoSCC to 2023 were used for data analysis. According to the trend analysis (Figure 2a), the number of publications exhibits a fluctuating upward trend. The number of published papers increased from 7 in 1999 to 48 in 2023. The growth in publications can be roughly divided into two phases: 1999–2016 and 2017–2023. From 1999 to 2016, the number of publications ranged from a few to several dozen per year. Starting in 2017, there was a dramatic increase in the number of publications, peaking in 2021. Although the second phase spans only 7 years, the number of published articles reached 301, surpassing the total from the first phase. Publications from the second phase account for 49.75% of all published literature. It is anticipated that the number of articles on PDP will increase to 900 by 2030 (Figure 2b).

[image: Three graphs depicting trends in article publication from 1999 to 2023. Graph (a) is a line chart showing the yearly number of articles, increasing from 1999 to 2023. Graph (b) is a bar chart representing the total cumulative number of articles per year, displaying an upward exponential trend with an R-squared value of 0.9968. Graph (c) is a line chart categorizing articles by source: hospital, industry, research institution, and university, with significant fluctuations but a general rise from 1999 to 2023.]

FIGURE 2
 The number and trend of annual publications.


By analyzing the funding sources or affiliations of the first authors, we categorized their affiliations into four groups: Hospital, Industry, Research Institution, and University. The number of publications for each year is shown in Figure 2c. It can be observed that University-affiliated publications were the most numerous overall. The growth in publication volume followed two stages similar to the overall trend. The publication volumes from Industry, Research Institutions, and Hospitals were generally comparable, with smaller fluctuations in annual output.



3.2 Analysis of countries

The 603 papers were contributed by researchers from 54 different countries/regions. Figure 3 displays the distribution of publications by country/region. The top 10 countries with the highest number of publications were the USA (233), the United Kingdom (89), Canada (54), Japan (46), Italy (36), China (35), France (31), Spain (31), Netherlands (26), and Australia (24). Additionally, countries such as the USA, the United Kingdom, Canada, and Italy had a broad range of research activity over time, with early contributions (Figure 3). In contrast, China, Japan, and Spain have shown increased research activity in recent years. The USA also had the highest number of citations (9,483). As a metric for measuring the frequency of international collaboration, the size of centrality reflects the influence of a country within the global academic collaboration network. France and Norway, despite not being among the top in terms of publication volume, had the highest centrality and average citation rate, respectively. However, some prolific countries such as Japan, China, and Netherlands had a centrality of less than 0.01. The figure indicates that the connections between countries are not particularly close (Table 2).

[image: Network visualization depicting international collaboration among countries, with nodes representing countries and their size proportional to collaboration intensity. The USA is the largest node, followed by the United Kingdom, Canada, and others. Lines indicate connections between countries. A color gradient bar on the left suggests the timeline of collaboration, from 1996 to 2024.]

FIGURE 3
 Collaborative research between countries on PDP.




TABLE 2 Top12 most productive countries on PDP.
[image: Table displaying ranking of countries by documents, citations, average citations, centrality, and year. USA ranks first with 232 documents and 9,483 citations. Germany ranks twelfth with 19 documents and 591 citations. Data ranges from 1999 to 2011.]



3.3 Analysis of journals

The number of publications by each journal provides an indication of its contribution to the dissemination of research on PDP. The 603 papers were published across 207 journals. The top 10 journals with the most publications on PDP are listed in Table 3. The journal Movement Disorders published the highest number of PDP-related papers (57; 9.45%; IF = 7.4), followed by Parkinsonism & Related Disorders (33; 5.47%; IF = 3.1) and Clinical Neuropharmacology (18; 2.99%; IF = 0.8). The 2023 impact factors (IF) of the top 10 journals ranged from 0.8 to 8.7, and these journals contributed 32.67% of the total publications. According to the Journal Citation Reports (JCR), 4 journals are classified as Q1, 5 as Q2, and 1 as Q4. Among the top ten journals, Movement Disorders had a significantly higher citation count (4,329), while Neurology had the highest average citation count.



TABLE 3 Top10 most productive journals on PDP.
[image: Table listing rankings of scientific journals with columns for rank, journal name, number of documents, percent, impact factor (IF) for 2023, Journal Citation Reports (JCR) category, total citations, and averaged citation. Movement Disorders ranks first with 57 documents and an impact factor of 7.4 in category Q1.]



3.4 Analysis of institutions

Table 4 lists the most productive institutions in this field. The most prolific institution was King’s College London, with 27 publications, followed by ACADIA Pharmaceuticals Inc. with 23 publications, and Rush University with 22 publications. Among the top ten institutions, most are located in Canada, USA, and the United Kingdom. Rush University has the highest number of citations and average citations, indicating its significant influence in this field.



TABLE 4 Top10 most productive organizations on PDP.
[image: Table ranking organizations by documents, citations, and averaged citation. Top three: King's College London (UK) with 27 documents, ACADIA Pharmaceuticals Inc (USA) with 23, and Rush University (USA) with 22. Highest averaged citation is Rush University with 124.18.]

Figure 4 illustrates the partnerships between different institutions. Colors represent different clusters, nodes indicate individual institutions, and lines represent connections between institutions. The red cluster includes institutions with extensive research and collaboration on PDP symptoms and mechanisms. The green cluster involves cross-research on PDP drug therapies, including 5-HT2A inverse agonists like pimavanserin and other atypical antipsychotics (AAPs), and includes pharmaceutical companies and universities. The blue cluster shows active collaboration among Canadian institutions, particularly those in Montreal and its affiliated hospitals, the University of Toronto, and McGill University. Additionally, King’s College London, ACADIA Pharmaceuticals Inc., and McGill University play significant roles within their respective collaboration clusters. The dense connections between nodes such as the University of Pennsylvania, Rush University, and Johns Hopkins University indicate frequent collaboration among these institutions.

[image: Network visualization created with VOSviewer, showing connections between various universities and institutions. Nodes are color-coded into red, green, and blue clusters, representing different collaborative groups. Notable entities include Kings College London, Acadia Pharmaceutical Inc, and University of Toronto, among others. Lines indicate collaborative links.]

FIGURE 4
 Visualization of the collaboration network of institutions in PDP.




3.5 Analysis of the 10 most-cited article

The number of citations for research publications is a standard measure of academic impact. Table 5 lists the top 10 most-cited papers, with citations ranging from 241 to 719. Among these, 8 papers were published in Q1 journals. The most-cited paper was by G. Fénelon, published in 2000, titled “Hallucinations in Parkinson’s Disease: Prevalence, Phenomenology and Risk Factors” in Brain (IF = 10.6; Q1), with 719 citations.



TABLE 5 Top 10 most-cited articles.
[image: A table lists research articles on Parkinson's disease, ranked from 1 to 10. It includes columns for rank, author and year, title, journal, impact factor for 2023, JCR, citations, and average citation. Top articles by G Fénelon and Jeffrey Cummings. Journals include Brain, Lancet, and Arch Neurol.]

Among the top 10 most-cited papers, only two were published in the past decade. The paper by Jeffrey Cummings, published in 2014, titled “Pimavanserin for Patients with Parkinson’s Disease Psychosis: A Randomized, Placebo-Controlled Phase 3 Trial” in Lancet (IF = 98.4; Q1), had the highest average annual citations in the field. These highly cited papers primarily focused on symptoms, mechanisms, prevalence, diagnosis, treatment, and the evaluation of therapeutic efficacy of PDP.



3.6 Analysis of keywords


3.6.1 Keywords co-occurrence networks

Figure 5a displays a keyword cluster analysis. Each cluster contains numerous keyword points, with the most weighted keywords serving as cluster labels. Using the Log-likelihood Ratio (LLR) algorithm, current research can be divided into 17 clusters (Q = 0.7466, S = 0.8925). After removing irrelevant topics, the clusters are defined in Table 6.

[image: A dual-panel visualization showing keyword analysis related to a scientific domain. Panel (a) depicts a cluster map with various colored nodes labeled with keywords like "anxiety," "dyskinesia," and "atypical antipsychotics." Colors represent different clusters, and node size indicates relevance, with a color gradient legend from yellow to purple. Panel (b) displays a table of the top 25 keywords with the strongest citation bursts from 1999 to 2023. Entries include keywords like "dopaminergic psychosis" and "functional connectivity," alongside bar graphs showing citation bursts over time, marked in red.]

FIGURE 5
 Network visualization map of keywords co-occurrence (a) and top 25 keywords with the strongest citation bursts (b).




TABLE 6 Clustering labels and directions.
[image: Table with three columns: Cluster, Label (LLR), and Direction. Clusters 0 to 17 cover various topics related to Parkinson’s disease psychosis (PDP). Each cluster lists a label such as Brain, Prevalence, and Dyskinesia, followed by a direction detailing the focus of investigation, like structural changes, epidemiology, motor disorders, network connectivity, medication efficacy, and therapeutic applications.]

These clusters represent different directions in PDP research, covering a broad range from basic science to clinical treatment. They provide a better understanding of the multifaceted nature of PDP and potential treatment approaches.



3.6.2 Keywords with the strongest citation bursts

Table 7 displays the most frequently occurring keywords in this study. Besides “Parkinson’s disease” and “psychosis,” the top three keywords were “visual hallucinations” (254), “dementia” (191), and “hallucinations” (121). Figure 5b illustrates the top 25 keywords with the most significant citation bursts since 1999. The length of the red bars represents the duration of the research frontier, while the intensity of the burst reflects the magnitude of the citation increase. The keywords “dopaminergic psychosis,” “drug-induced psychosis,” and “olanzapine” experienced the strongest early bursts. After 2007, the keywords “5-HT2A inverse agonist(s),” “trial,” and “sleep behavior disorder” had the most substantial citation bursts. The latest research frontiers included “pimavanserin,” “risk,” and “functional connectivity.”



TABLE 7 Top 22 keywords in PDP.
[image: Table listing 22 keywords related to Parkinson's disease, ranked by count, centrality, and year. Keywords include "Parkinson’s disease," "Visual hallucinations," "Dementia," and "Clozapine," with varying counts and centralities. Years range from 1999 to 2013.]





4 Discussion


4.1 General information

This study is the first comprehensive bibliometric analysis of the research trends in PDP. By analyzing 603 publications from 1999 to 2023, it reveals a rapid growth trend in PDP research, particularly over the past 7 years. This trend indicates that PDP has become an emerging and popular research topic. Key milestone articles have significantly influenced subsequent research directions. For example, the provisional diagnostic criteria for PDP established by the National Institute of Neurological Disorders and Stroke (NINDS) and the National Institute of Mental Health (NIMH) in 2007 summarized specific definitions of PDP-related symptoms, marking the onset of the literature’s explosive growth (Ravina et al., 2007). Fénelon et al.’s detailed exploration of PDP-related hallucinations, particularly identifying three potential risk factors and emphasizing that simple side effects of dopaminergic treatments cannot account for all hallucinations, expanded the direction of PDP research (Fénelon et al., 2000). Additionally, Cummings et al.’s randomized, double-blind, placebo-controlled study of pimavanserin has driven the development of new mechanism-based drugs for PDP (Cummings et al., 2014). These important papers not only provide valuable insights into the various manifestations and mechanisms of PDP but also offer theoretical support for future, more in-depth research.

Under the influence of the PDP diagnostic criteria proposed by the NINDS/NIMH workgroup (Ravina et al., 2007), research findings have been published across multiple countries. The USA was the most productive country in terms of research output, but the outcomes did not fully align with centrality, indicating that the USA has a significant number of high-quality independent studies (Mack et al., 2012; Holroyd et al., 2001). Although the USA publications were highly cited domestically, international collaboration and network connections were relatively limited. France and Italy, despite having fewer publications, exhibit high centrality, suggesting that their research had significant academic impact and was widely cited and recognized internationally (Fénelon et al., 2000). Norway, due to its early contributions in epidemiological assessments and caregiver research on PDP, had filled gaps in this field and received considerable attention, reflected in the highest average citations (Forsaa et al., 2010; Aarsland et al., 1999a,b). Notably, Japan, China, and Netherlands had low centrality, which may indicate that research in these countries was primarily focused on domestic issues with limited international collaboration. These countries had distinct regional characteristics, with research concentrated in specific areas: China focused on MHs in PDP (Zhong et al., 2021a, 2022); Japan on VHs (Matsui et al., 2006) and familial gene mutations (Yoshino et al., 2017) in PDP; and the Netherlands primarily on VHs (Meppelink et al., 2009; Janzen et al., 2012).

Aside from differences in publication quantity and centrality, research on PDP exhibits significant variations in focus across different countries. These differences are likely influenced by factors such as economic development, research investment, healthcare resource allocation, and cultural background. In developed countries like USA and some European nations, PDP research was relatively mature and advanced. These countries benefit from substantial funding and state-of-the-art research facilities, enabling complex neuroimaging studies and clinical trials for new medications (Cummings et al., 2014). In contrast, some developing countries may focus more on epidemiological characteristics and clinical management strategies for PDP. These nations may lack the necessary research funding and equipment for in-depth mechanistic studies but have accumulated valuable experience in patient management and care (Zhong et al., 2021a). Additionally, some European countries, such as Norway, emphasized not only biomedical research but also the psychological well-being and social support systems for caregivers (Aarsland et al., 1999b). The fact that nearly hundreds of countries contributed to the field of PDP research indicates its broad global scope. However, future research will benefit from more extensive international collaborative efforts.

Journal analysis can assist researchers in selecting appropriate journals for their work. Different journals, based on their focus, target audience, and academic impact, exhibit unique characteristics in literature inclusion and research emphasis. High-impact journals in medicine and neuroscience, such as Movement Disorders, typically published research with significant clinical relevance and innovation. Movement Disorders frequently featured studies on PDP-related VHs (Nagano-Saito et al., 2004; Watanabe et al., 2013), neurophysiology of brain regions (Meppelink et al., 2011), brain networks (Baik et al., 2024), and molecular mechanisms (Camicioli et al., 2005), as well as articles evaluating the efficacy (Juncos et al., 2004; Mohr et al., 2000; Espay et al., 2018) and safety (Friedman et al., 2006) of drugs or treatments. The journal also emphasizes the assessment of PDP scales (Virués-Ortega et al., 2010; Voss et al., 2010) and the establishment of diagnostic criteria (Ravina et al., 2007). In contrast, Parkinsonism & Related Disorders focused more on the symptomatic features (Barrett et al., 2017; Pachi et al., 2021) and social dimensions (Wetmore et al., 2019) of PDP, including assessments of scales (Voss et al., 2013) and treatment strategies (Weintraub et al., 2024). Interdisciplinary journals, such as the Journal of Neurology and the Journal of Geriatric Psychiatry and Neurology, provided platforms for a variety of research types and methods, including basic research (Carter and Ffytche, 2015), clinical studies (Bugalho et al., 2012; Schneider et al., 2024), and review articles (Toh et al., 2023). Some journals may be more specialized in basic research, like Neurology, which often published studies on the neurobiological mechanisms of PDP (Zarkali et al., 2020a). Others, such as Clinical Neuropharmacology, focused more on clinical pharmacology and therapeutic interventions, publishing research on drug efficacy and side effects (Klein et al., 2006). The fact that fewer than one-third of the publications were distributed across the top ten most active journals indicates a broad distribution across various journals. This dispersion likely reflects the interdisciplinary nature of PDP research, which spans fields such as neurobiology, psychiatry, biochemistry, molecular biology, clinical medicine, and pharmacology.

The research differences between institutions reflect the diversity and complexity of studies in the PDP field. Institutional research focuses are often influenced by resources, team expertise, and regional needs. King’s College London and ACADIA Pharmaceuticals Inc. were pivotal nodes in the co-occurrence network, collaborating with various institutions. King’s College London has made significant contributions to understanding hallucinations of PDP, exploring its prevalence (Gibson et al., 2013), characteristics (Ffytche et al., 2017b), potential mechanisms (Whitehead et al., 2008; Pisani et al., 2023), treatment strategies (Shotbolt et al., 2009), and prognosis (Barnes and David, 2001). They emphasized that VHs in PDP patients might stem from misprocessing environmental stimuli (Barnes et al., 2003), potentially linked to abnormalities in the default mode network (DMN) (Yao et al., 2014). Their large-scale data analyses have also highlighted the epidemiological features of PDP (Gibson et al., 2013), informing public health policies. ACADIA Pharmaceuticals Inc., on the other hand, focused on pharmacological treatment strategies for PDP. In collaboration with King’s College London, they conducted a randomized, placebo-controlled Phase 3 trial on pimavanserin (Cummings et al., 2014), identifying it as a selective 5-HT2A receptor inverse agonist beneficial for PDP treatment (Hacksell et al., 2014). Compared to other AAPs, pimavanserin significantly improved PDP symptoms, such as those measured by the Scale for the Assessment of Positive Symptoms (SAPS) and the Unified Parkinson’s Disease Rating Scale (UPDRS) Parts II and III, with fewer side effects (Meltzer et al., 2010). Their collaboration with Brown University further explored drug efficacy and safety, proposing new strategies for optimizing PDP treatment. ACADIA Pharmaceuticals Inc. also highlighted pimavanserin’s lower all-cause hospitalization and psychiatric hospitalization rates (Rajagopalan et al., 2023a) and contributed to pediatric dosing studies (Darwish et al., 2023), expanding research to cover a broader age range.

The collaboration network illustrates a trend of homogeneity, reflecting close cooperation and research clustering among institutions within the same region or focusing on similar research themes. For instance, King’s College London and the University of Pennsylvania have jointly researched the spectrum of psychiatric symptoms in PDP (Ffytche et al., 2017a), including studies on the relationship between cognitive and executive deficits and quality of life deterioration in PDP patients (Pisani et al., 2024). Institutions such as Rush University have made significant contributions to epidemiological studies on PDP, including age of onset, risk factors (Forsaa et al., 2010), positive rates of scales (Fernandez et al., 2008), pathophysiology of hallucinations (Diederich et al., 2005), and treatments (Diederich et al., 2009). Another important collaborative cluster is found within Canadian institutions, including Montreal, McGill University, and the University of Toronto. These institutions have made notable contributions to PDP mechanism research, from neurobiological foundational studies to clinical treatment trials. They have played a crucial role in studying 5-HT2A receptor signaling (Ballanger et al., 2010) and evaluating clinical research drugs for treating psychosis in parkinsonian marmoset (Hamadjida et al., 2018; Frouni et al., 2019). Rush University has also established diagnostic criteria for PDP, laying the groundwork for the explosion of subsequent literature, including collaborations with Brown University (Ravina et al., 2007). Additionally, Rush University, along with the University of Toronto and the University of Pennsylvania, has published practice guidelines for PDP treatment (Miyasaki et al., 2006), providing a basis for clinical practice. Collaboration among different research institutions has been crucial in advancing PDP research, addressing resource limitations in individual countries, and facilitating cross-validation and application of research findings. However, institutions with lower centrality indicate areas where future research could benefit from enhanced collaboration between core institutions in different countries.

The most cited papers in the field reflect the most valuable and impactful discoveries, highlighting key research hotspots and trends. The article “Hallucinations in Parkinson’s disease: Prevalence, phenomenology and risk factors” published in Brain, was the most cited article (Fénelon et al., 2000). This study addressed the phenomenology, prevalence, and risk factors of PDP hallucinations, identifying three potential risk factors: severe cognitive impairment, daytime sleepiness, and the chronicity of PD. The study also emphasized that simple side effects of dopaminergic treatments are insufficient to explain all VHs and notes that the overall prevalence of PDP with MHs is significantly higher than previously reported. The second most cited paper was Cummings et al.’s 2014 study “Pimavanserin for patients with Parkinson’s disease psychosis: a randomized, placebo-controlled phase 3 trial” published in Lancet (Cummings et al., 2014). This research, a 6-week randomized, double-blind, placebo-controlled trial, found that pimavanserin could be beneficial for PDP patients. In recent years, research into PDP medications has been a hot topic, particularly focusing on 5-HT2A inverse agonists like pimavanserin. Interestingly, pimavanserin remains highly relevant in our keyword co-occurrence analysis, reflecting ongoing interest in developing treatment strategies. These highly cited works underscore significant developments in understanding PDP and advancing therapeutic approaches, revealing ongoing trends and priorities in the field.



4.2 Hotspots and frontiers

PDP has garnered significant attention in recent years as a crucial clinical feature of PD. Hotspot analysis indicates that research related to PDP has primarily focused on several key areas: neurobiology (such as brain, functional connectivity, and Lewy bodies), therapeutic strategies (including cholinesterase inhibitors, AAPs, pimavanserin, and electroconvulsive therapy (ECT)), and symptom research (such as VHs, dyskinesia, Othello syndrome, and cognitive control). Additionally, research has covered diagnosis, underlying mechanisms, and the impact on caregivers. Among these, symptom research has consistently been a focal point and a core content area in PDP studies. In recent years, there has been a shift in research focus toward identifying early risk factors for PDP (Knolle et al., 2023) and mitigating its impact on daily life. Understanding how symptoms such as depression and anxiety exacerbate hallucinations and delusions has also emerged as a significant research interest (Pachi et al., 2023). Moving forward, it is expected that more studies will concentrate on the early identification of symptoms and the development of personalized management strategies for PDP. This ongoing shift in research priorities reflects a broader trend toward enhancing the quality of life for PDP patients by addressing the complex interplay of symptoms and refining therapeutic approaches to manage the condition more effectively.

In 2007, the concept of PDP was first introduced into international research. Prior to 2007, although the term “Parkinson’s Disease Psychosis” had not been widely adopted, symptoms such as hallucinations, delusions, and other psychotic features were already recognized in patients with Parkinson’s disease (Thanvi et al., 2005). These symptoms were often referred to as neuropsychiatric or behavioral complications associated with Parkinson’s disease, without a distinct label (Ferreri et al., 2006). Studies from the 1990s and early 2000s often focused on these psychotic symptoms, but the terminology and diagnostic criteria varied significantly across the literature (Doraiswamy et al., 1995; Williams-Gray et al., 2006). The introduction of the concept of “Parkinson’s Disease Psychosis” in 2007 helped standardize the terminology and diagnosis of these symptoms, leading to a more structured approach to research and clinical management (Ravina et al., 2007). This included unifying the previously recognized various symptoms of PDP into a framework of Parkinson’s disease psychosis spectrum symptoms. It also involved identifying a set of distinct clinical features specific to PDP, rather than shared with other psychotic syndromes (Ffytche et al., 2017a). This shift allowed for clearer criteria in identifying psychosis specifically related to Parkinson’s disease, as distinct from other neuropsychiatric conditions. Since then, the field has seen significant advancements in understanding the underlying mechanisms of PDP and the development of targeted treatment strategies. As a distinct clinical entity, research on PDP has become more focused, leading to a clearer understanding of its prevalence, risk factors, and management (Chang and Fox, 2016).

Under the new definition, studies on PDP symptoms have evolved from focusing on individual symptoms to examining a spectrum of continuous symptoms (Ffytche et al., 2017a). This spectrum includes everything from “minor” hallucinations to well-structured hallucinations and delusions. The most common and early psychiatric symptoms in PDP patients are MHs, which include visual illusions, passage hallucinations, and presence hallucinations (Ffytche et al., 2017a). These symptoms may even precede the onset of motor symptoms. Illusions are the most prevalent type of MHs, affecting more than one-third of PD patients. The most commonly reported types include complex visual illusions, kinetopsia, and pelopsia (Jucevičiūtė et al., 2024). Other associated conditions include isolated diplopia (Nebe and Ebersbach, 2007) and spatial misjudgment. MHs typically occur before the onset of well-structured VHs and are accompanied by other cumulative non-motor symptoms such as RBD (Jiang et al., 2023), cognitive impairment (Pagonabarraga et al., 2016; Pacchetti et al., 2005), and depression (Pachi et al., 2023). There are clinical differences in the characteristics of MHs between different phenotypes. For example, patients with the postural instability gait difficulty (PIGD) phenotype have a higher incidence of MHs, particularly visual illusions, a shorter latency period, earlier onset, and worse prognosis compared to those with the tremor-dominant phenotype (Wang et al., 2023).

VHs is the main clinical symptom of PDP patients, which manifest as complex images frequently involving people or animals. These visual images can be dynamic and tend to occur in low-stimulus environments, typically when the individual is alone in a quiet setting. These hallucinations may occur several times a day during the early stages of PDP, lasting from a few seconds to several minutes. The progression of cognitive decline and loss of insight often parallels the advancement of these symptoms. As the disease progresses, patients may lose the ability to recognize hallucinations as unreal, leading to the emergence of multimodal hallucinations and delusions, a condition referred to as “malignant hallucinations.” These malignant hallucinations are disabling, often accompanied by paranoid thoughts characterized by suspicion, blame, and unkemptness (Ffytche et al., 2017a). Multimodal hallucinations in PDP extend beyond visual experiences to include non-VHs such as auditory hallucinations (Clark, 1998), tactile hallucinations, and olfactory hallucinations (Bannier et al., 2012), with auditory hallucinations often occurring alongside visual ones. Once any form of hallucination appears, it tends to persist intermittently. Studies utilizing polysomnography have revealed that Parkinson’s patients experiencing hallucinations typically have poorer sleep quality and altered sleep architecture (Gu et al., 2022).

The keyword “Othello syndrome” refers to a type of delusional disorder that can occur in the later stages of PDP (Cannas et al., 2009). Delusions are irrational, unfounded, and often impossible beliefs that patients hold with conviction despite contrary evidence. In PDP, the occurrence of delusions is less frequent than hallucinations, but they tend to be more severe and disruptive, causing significant negative impacts on both patients and their families. Delusions in PDP are often accompanied by visual and auditory hallucinations, and compared to patients who experience only hallucinations, those with delusions are more likely to be younger PD patients and to exhibit aggressive and violent behaviors (Laurell et al., 2023). The delusions in PDP are predominantly of a paranoid nature, typically presenting as mixed-type delusions, with isolated delusions being less common. These delusions manifest in various forms, including guilt, grandeur, religious themes, persecution, jealousy, and theft (Factor et al., 2014), with considerable heterogeneity among cases (Warren et al., 2018). “Othello syndrome,” named after the character Othello from Shakespeare’s play Othello, describes a severe form of jealousy, often accompanied by paranoia and delusions, typically involving a strong belief in a partner’s infidelity. Research suggests that Othello syndrome may be associated with increased dopamine levels in the mesolimbic pathway (Cannas et al., 2006), particularly related to dopamine receptor hypersensitivity and neurotransmitter imbalances (Wolters, 1999).

The keyword “dementia with Lewy bodies” (DLB) refers to a disease that closely resembles the symptoms of PDP, especially when dementia symptoms manifest in PDP patients. During the literature screening process, a significant number of publications related to DLB were excluded. In the analysis of Keywords with the Strongest Citation Bursts, DLB consistently appeared with low citation burst frequency, highlighting the clinical and research challenges in differentiating between DLB and PD, as well as the diagnostic difficulties associated with both conditions. DLB is a neurodegenerative disease characterized pathologically by Lewy bodies and clinically by fluctuating progressive dementia, persistent attention deficits, visuospatial impairments, persistent complex VHs, and spontaneous parkinsonism (McKeith et al., 2017). VHs is a core feature of DLB diagnosis and is also a typical feature of PDP (Zhong et al., 2021b), making the two conditions easily confusable, especially since both exhibit parkinsonian symptoms. However, the VHs in DLB are generally more specific compared to those in PD. Most DLB patients experience true VHs that are often vivid and well-formed. The hallucinated objects are frequently familiar figures, such as people or animals, which are usually animated, speaking, or making sounds. Occasionally, these hallucinations may be distorted or grotesque. These hallucinations typically present as early symptoms and tend to respond poorly to pharmacological treatments (Ferman et al., 2011). In contrast, VHs in PDP patients often co-occur with other forms of hallucinations and typically emerge in the later stages of PD. These symptoms can be partially alleviated through medication (Cummings et al., 2014). Another distinguishing factor is that DLB generally begins with early cognitive impairment that precedes motor dysfunction, while PDP begins with motor dysfunction and later develops psychiatric spectrum symptoms, with cognitive impairment not being a primary diagnostic criterion (Jellinger and Korczyn, 2018).

Therefore, the keyword “diagnosis” highlights the critical role of diagnosing PDP in understanding and managing the condition. The diagnostic criteria established by the NINDS/NIMH have provided a vital theoretical and practical foundation for identifying PDP (Ravina et al., 2007). According to these criteria, PDP requires the presence of one or more of the following symptoms: hallucinations, illusions, false perceptions, or delusions, which must persist for more than 1 month or recur frequently, while ruling out other causes such as DLB and psychiatric disorders. Specific scales can enhance the reporting of PDP symptoms, allowing for the early detection of these symptoms in the disease’s course (Greger et al., 2022). The Movement Disorder Society (MDS) UPDRS (MDS-UPDRS) Part I is useful for assessing PDP at various stages (Goetz et al., 2008). Other scales, such as the Parkinson Psychosis Questionnaire (PPQ) (Brandstaedter et al., 2005), the SAPS for Parkinson’s Disease Psychosis (SAPS-PD) (Schubmehl and Sussman, 2018) and its modified version (Kulick et al., 2018), the Scale for Evaluation of Neuropsychiatric Disorders in Parkinson’s Disease (SEND-PD) (Martinez-Martin et al., 2012), the Parkinson Psychosis Rating Scale (PPRS) (Friedberg et al., 1998), and the Self-Administered Screening Questionnaire for Parkinson’s Disease-Associated Psychosis (SASPAP) (Koneru et al., 2023), can be specifically applied to evaluate PDP. For screening PDP, the UPDRS is first used to screen for psychiatric disorders, followed by assessments like SAPS to evaluate the severity of PDP. These scales can be combined for more comprehensive evaluation (Fernandez et al., 2008).

The clustering of keywords like “brain,” “frontal,” “connectivity,” and “Lewy body” indicates that research into the mechanisms of PDP is a major focus and is crucial for developing precise and early diagnostic methods. A Mendelian randomization study supports the inherent nature of PDP symptoms (Kim et al., 2021). PDP is associated with underlying neurodegenerative processes, where cortical and neuronal loss, gliosis, and Lewy body pathology collectively explain the neuropsychiatric symptoms (Fischer et al., 2021). PDP patients exhibit extensive grey matter volume loss, affecting at least 14 different regions (Ffytche et al., 2017a), particularly within the visual processing pathways (ventral and dorsal thalamus) (Pagonabarraga et al., 2016), pedunculopontine nucleus, and inferior frontal gyrus (Broadstock et al., 2014), as well as other related anatomical structures, including the auditory cortex (Lenka et al., 2015). Frontal lobe dysfunction is significant in PDP patients (Thota et al., 2017), with a noticeable reduction in overall hippocampal volume, hippocampal subfield atrophy, and a widening of the bilateral hippocampal fissure (Lenka et al., 2018). Neuropsychological testing has shown that the gradual loss of insight reflects the progression from frontal-striatal network dysfunction to posterior cortical damage (Wang et al., 2018). Key factors contributing to VHs include reduced fiber bundle cross section within the splenium of the corpus callosum, specific white matter tract degeneration (Zarkali et al., 2020a), and elongated visual evoked potentials latency (Matsui et al., 2005). Additionally, areas such as the parahippocampal gyrus, amygdala, frontal lobe, middle temporal gyrus, entorhinal cortex, and anterior cingulate cortex exhibit higher pathological Lewy body density (Gallagher et al., 2011), which correlates with the onset of PDP and VHs (Williams and Lees, 2005). The spectrum of PDP symptoms reflects the Braak progression of Lewy body pathology from the brainstem to the forebrain systems (Braak et al., 2003), highlighting the widespread impact of brainstem lesions on subcortical and cortical motor as well as oculomotor control networks, including the visual parietal lobe.

The keyword “visual hallucinations” highlights the critical importance of this symptom in PDP, aligning with bibliometric findings on VHs (Zhong et al., 2021b). Various models have been proposed to explain VHs, each reflecting different understandings of brain function (Collerton et al., 2023). Functional magnetic resonance imaging (fMRI) and positron emission tomography (PET) studies indicate that brain activity patterns in PDP patients significantly differ from those in non-psychotic patients, especially regarding functional abnormalities in the prefrontal cortex and visual cortex. Some researchers suggest that hallucinations arise from altered effects within different brain networks, with changes in functional connectivity leading to reduced controllability of brain networks (Zarkali et al., 2020b). These changes in functional connectivity include abnormal connections within the DMN, between posterior DMN regions and visual processing areas, or oscillations caused by excessive synchronization (Halje et al., 2019), leading to changes in brain metastability. Other studies propose that alterations in the brainstem’s sleep–wake and dream regulation, such as RBD leading to dream imagery intruding into the waking state (Diederich et al., 2009), and abnormal cortical-striatal reward processing, may be involved in the development of VHs (Garofalo et al., 2017). PDP patients also exhibit dysfunction in the ventral striatal dopamine transporter (Jaakkola et al., 2017), and the lack of dopamine activity affects retinal function, leading to abnormal “top-down” visual processing that replaces the normal bottom-up system (Archibald et al., 2009). This results in a failure to inhibit erroneous information or the spontaneous generation of internally created images through the pontine-geniculate-occipital (PGO) system (Diederich et al., 2005). The attentional control networks hypothesis suggests that hallucinations may arise from disruptions and overloads in attention networks, where new incoming stimuli are misclassified, leading to abnormal hierarchical processing and the intrusion of false perceptions into the stream of consciousness (Collerton et al., 2005). In addition, the thalamocortical dysrhythmia (TCD) DMN decoupling hypothesis posits that TCD-induced disturbances in high-order thalamic nucleus activity leads to a loss of fine-tuning in cortico-cortical regulation and the decoupling of the DMN (Onofrj et al., 2023). Changes in the dorsal attention network (DAN), ventral attention network (VAN), and DMN play crucial roles in the occurrence of MHs and VHs (Sawczak et al., 2019), with each network contributing to the perception and processing of information, adjustment of attention, and generation of selective attention (Zhong et al., 2021b). The underactivation of the VAN and overactivation of the DAN and DMN result in the incorrect recall of perceived information, leading to VHs (Shine et al., 2011). Dysfunction in the DAN is considered a key factor and early indicator of the progression from MHs to more widespread forms of hallucinations (Baik et al., 2024), suggesting the involvement of the basal forebrain and its broader impact on cortical cholinergic projections, particularly to the ventral occipitotemporal cortex. Thus, although labeled “minor,” MHs potentially serve as early biomarkers for the progression to fully-formed hallucinations (Bejr-Kasem et al., 2019).

Cortical changes can lead to neurotransmitter imbalances (Vignando et al., 2022), and current research supports the involvement of multiple neurotransmitter dysfunctions in the development of PDP. The keyword “5-HT2A inverse agonist(s)” reflects the role of the serotonin (5-HT) system in the mechanism of PDP. The involvement of the 5-HT system in PDP is supported by evidence that 5-HT agonists can induce delirium and psychosis, while reducing 5-HT activity can alleviate psychotic symptoms (van der Mast and Fekkes, 2000). In addition, the association between grey matter volume and the local expression of 5-HT1A and 5-HT2A receptor genes suggests that serotonergic receptors play a role in PDP (Pisani et al., 2023). Overactivation of 5-HT receptors, particularly the 5-HT2A receptor, is closely linked to hallucinations and delusions in Parkinson’s patients (Huot, 2018). This may occur through increased receptor binding in the inferior lateral temporal cortex (Huot et al., 2010), the prefrontal cortex, and the ventral visual pathways (Ballanger et al., 2010). Additionally, the activation of metabotropic glutamate receptor 2 (mGlu2) has been shown to reduce psychosis-like behaviors (PLBs) in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned macaques (Nuara et al., 2021). Beyond the 5-HT and mGlu2 systems, the dopamine system also plays a crucial role in PDP. The primary pathological feature of PD is the loss of dopaminergic neurons in the nigrostriatal pathway, leading to a decrease in dopamine levels in the striatum. However, despite the overall reduction in dopamine levels in Parkinson’s patients, the emergence of psychotic symptoms is often associated with hypersensitivity and imbalance in dopamine receptors (Seeman, 2006). The hypersensitivity of dopamine2 receptors is considered a key factor in PDP (Seeman, 2006; Seeman, 2011). This multifaceted interaction between neurotransmitter systems, particularly the serotonergic and dopaminergic pathways, underscores the complexity of PDP’s pathophysiology. These insights highlight the importance of targeted pharmacological interventions, such as 5-HT2A inverse agonists, to address the specific neurochemical imbalances contributing to PDP.

We observed an evolution of keywords from “dopaminergic psychosis” (e.g., levodopa, drug-induced psychosis, dopaminergic-induced hallucinations) and atypical antipsychotics (AAPs) (e.g., olanzapine, clozapine, risperidone) to “5-HT2A inverse agonist(s),” “pimavanserin,” and “Parkinson’s disease psychosis (PDP),” reflecting a shift in research focus from AAPs to novel anti-PDP drugs. Treating PDP poses a significant challenge due to the heterogeneity of its etiology, symptoms, and underlying mechanisms. Keywords like “risperidone,” “olanzapine,” and “clozapine” were prominent before 2007, while “pimavanserin” has become a current active topic. Retrospective database analyses have shown that olanzapine and risperidone are associated with an increased risk of mortality (Abdul-Rahman et al., 2024). Despite short-term benefits in improving Brief Psychiatric Rating Scale psychosis scores (Mohr et al., 2000), risperidone worsens UPDRS scores (Ellis et al., 2000). No clear benefits were observed with olanzapine (Wilby et al., 2017), and it had a higher incidence of adverse effects (Aarsland et al., 1999c). Therefore, interest in these drugs has declined in studies after 2007. Research has found that antagonizing the 5-HT2A receptor is the pharmacological basis for most PDP treatments. This mechanism likely reduces abnormally high-frequency oscillations in prefrontal structures and abnormal synchrony between different brain regions (Stan et al., 2024). Traditional antipsychotics like clozapine have shown some efficacy in controlling PDP symptoms due to their 5-HT2A receptor antagonism (Wilby et al., 2017). However, clozapine is now mainly used for emergencies or symptoms unresponsive to other treatments due to its side effect profile (Thames and Ondo, 2023). The evidence for quetiapine is mixed (Juncos et al., 2004; Wilby et al., 2017). Meanwhile, the 5-HT2A inverse agonist pimavanserin is considered a potential first-line alternative to clozapine (Srisurapanont et al., 2024). Among the top 10 cited papers, the second most cited is a clinical study related to pimavanserin, which has the highest impact factor and average annual citations.

Pimavanserin is the first and only AAPs approved by the FDA for the treatment of hallucinations and delusions associated with PDP. It exhibits selective inverse agonism at the 5-HT2A receptor, with greater affinity compared to the 5-HT2C receptor, and has no significant activity at any other G protein-coupled receptors (Hacksell et al., 2014). Patients treated with pimavanserin showed greater improvements in measures including SAPS and UPDRS Parts II and III (Meltzer et al., 2010), particularly in subgroups with more pronounced cognitive impairments, with the drug demonstrating good safety and tolerability (Espay et al., 2018; Isaacson et al., 2020). Pimavanserin has also been shown to improve nighttime sleep and daytime sleepiness (Patel et al., 2018), significantly reduce the risk of psychosis relapse in Parkinson’s patients with dementia (Weintraub et al., 2024), and does not worsen motor or cognitive functions (Alva et al., 2024). Additionally, it does not increase the risk of mortality (Ballard et al., 2020) and is not associated with excess death reports in FDA Adverse Event Reporting System (Brown et al., 2021). Compared to other AAPs, pimavanserin reduces the risk of falls or fractures in PDP patients (Layton et al., 2022) but may cause a slight prolongation of the QT interval (Torres-Yaghi et al., 2021). Monotherapy with pimavanserin is associated with lower all-cause hospitalization, psychiatric-related hospitalization rates (Rajagopalan et al., 2023a), and emergency department visit rates (Rajagopalan et al., 2023b), as well as reduced likelihood of all-cause healthcare resource use (Rajagopalan et al., 2024b) and risk of long-term care (LTC) admission (LTCA) (Rajagopalan et al., 2024a). The costs related to per-patient-per-year skilled nursing facility-stay and LTCA are also lower (Rajagopalan et al., 2024c).

Some 5-HT2A inverse agonists exhibit more potent effects than pimavanserin. Pimavanserin derivative 7–16 has shown higher 5-HT2A receptor antagonist activity, inverse agonist activity, and in vivo pharmacokinetic activity compared to pimavanserin. The efficacy window between 5-HT2A and hERG activities is increased, with good safety profiles (Ma et al., 2022). In vitro competitive receptor binding and functional G protein-coupled assays have demonstrated that compounds 2, 3, and 4 exhibit higher 5-HT2A inverse agonist potency in human cortical and recombinant cells than pimavanserin (Albujuq et al., 2023). LPM6690061 is a safe and effective 5-HT2A inverse agonist that shows significantly more potent antipsychotic-like effects than pimavanserin (Zhu et al., 2023). Nelotanserin, a 5-HT2A/2C inverse agonist, is being used to treat RBD and psychosis in Parkinson’s patients with dementia (Kwan et al., 2024). The potential efficacy of ulotaront (Kuvarzin et al., 2023), SYN-120 (Huot et al., 2017), mesdopetam (IRL790) (Stan et al., 2024), and EMD-281,014 (Hamadjida et al., 2018) in PDP has also been investigated.

Considering the potential ceiling effect of 5-HT2A receptor blockade (Huot, 2018), the mGlu2 pathway has become a research focus. The burst keyword “mptp-lesioned macaques” reflects the animal models in mGlu2 pathway-based research. The 5-HT2A receptor forms heterodimers with the mGlu2 receptor, producing equivalent downstream signaling effects through 5-HT2A receptor antagonism and mGlu2 activation. Activation of the mGlu2 receptor with mGluR2/3 orthosteric agonists (OAs) like LY-404,039 (Kang et al., 2023), LY-354,740 (Kwan et al., 2021a), and mGlu2-positive allosteric modulators (PAMs) like LY-487,379 (Sid-Otmane et al., 2020), CBiPES (Frouni et al., 2021), and biphenylindanone A (Kang et al., 2024) is effective in alleviating PLBs in MPTP-lesioned marmosets, while also enhancing the therapeutic benefits of levodopa (Frouni et al., 2019). Positive allosteric modulation of the mGlu2 receptor and orthosteric stimulation of mGlu2/3 receptors may represent a novel approach for treating L-3,4-dihydroxyphenylalanine (l-DOPA)-induced PDP, potentially enhancing the anti-PLB effects of 5-HT2A antagonism (Kwan et al., 2021a). Combining 5-HT2A receptor antagonism with mGluR2 activation results in a greater reduction of L-DOPA-induced PDP. A further additive effect can be achieved when an mGlu2-OA and an mGlu2-PAM are combined with a 5-HT2A receptor antagonist, compared to adding either an mGlu2-OA or an mGlu2-PAM alone to a 5-HT2A receptor antagonist. However, the combined use of mGlu2-OA and mGlu2-PAM does not yield greater therapeutic effects (Nuara et al., 2020). Future research may focus on developing mGlu2 agonists based on 5-HT2A antagonists.

The clustering labels “5-HT3 receptor antagonists” and “cholinesterase inhibitors” represent additional research directions. Selective blockade of the 5-HT3 receptor, such as with ondansetron, has been shown to alleviate psychosis in MPTP-lesioned marmosets (Kwan et al., 2021b) and reduce VHs and BPRS scores in PDP (Kwan and Huot, 2019). In addition, the effects of the acetylcholinesterase inhibitor carbatine on psychotic symptoms are not well established (Reilly et al., 2024) and may have a smaller effect size (d'Angremont et al., 2023), but it is considered a first-line treatment for mild VHs (Powell et al., 2022). Further research is needed to explore these areas.

In addition to pharmacological treatments, non-pharmacological therapies include ECT (Ueda et al., 2010), restoration of daytime lighting and nighttime sleep, behavioral interventions, and caregiver education (Pahwa et al., 2022). ECT has been shown to be effective in treating PDP (Rojas et al., 2022), particularly in patients with early-onset PD accompanied by psychosis (Yamaoka et al., 2022) and in cases of PD refractory psychosis (Ueda et al., 2010). Although large-scale randomized controlled trials are lacking, two case series reported improvements in PD psychosis spectrum symptoms with ECT. After 5–12 sessions of ECT, SAPS scores improved within 1 week (Usui et al., 2011), with effects in some patients lasting 5–30 weeks after 6 or more sessions (Ueda et al., 2010). Additionally, unilateral anterior cingulotomy combined with bilateral STN-DBS has been shown to improve PDP (Wang et al., 2024).

The keyword “nursing home placement” highlights the significant role of LTC facilities and caregivers in the treatment strategies for PDP. The uncontrollable symptoms in PDP patients often necessitate their transfer to nursing homes, as they face increased risks, including mortality (Kang and Bronstein, 2004). Caregivers play a crucial role in the daily care and psychological support of PDP patients, but they themselves are under tremendous psychological and physical stress (Mantri et al., 2021b), including the challenge of communicating with healthcare institutions and professionals (Mantri et al., 2021a). Moreover, hallucinations in PDP patients significantly impact caregivers’ quality of life (Powell et al., 2022). Therefore, implementing proactive intervention strategies to prevent, delay, or mitigate the severity of PDP is essential for improving caregivers’ quality of life (Fredericks et al., 2017). Studies have shown that care partners prefer non-pharmacological management strategies and have a higher demand for access to medical information (Mantri et al., 2021a). Telemedicine is viewed as a means to enhance the care provided by specialists and LTC staff for PDP patients (Shaughnessy et al., 2022). The burden on caregivers not only affects their health but also directly impacts the care quality and life quality of the patients (Schaffer and Henry, 2023). Therefore, providing emotional and informational support to caregivers is crucial (Shafer et al., 2023). In recent years, support programs and interventions for caregivers, such as psychological counseling, social support networks, educational training, and caregiver support groups, have increasingly become a focus of research (Friedman and Kennedy, 2021).

The recently burst keyword “risk” highlights the risk factors associated with PDP and the challenges in its treatment. Factors such as age, disease duration, motor symptoms, sleep quality, health-related quality of life (Zhong et al., 2021a), excessive daytime sleepiness, autonomic symptom burden, and the density of Cholinergic nucleus 4 (Barrett et al., 2018) have been associated with MHs. Late-stage Hoehn-Yahr classification and frontal lobe dysfunction are considered independent risk factors for MHs (Zhang et al., 2021). Additionally, MHs (Schneider et al., 2024), current smoking status (Terravecchia et al., 2021), cognitive impairment (Lenka et al., 2023), anxiety (Factor et al., 2017), gastrointestinal autonomic dysfunction, RBD, the Aβ42/total tau ratio (Chen et al., 2024), and grey matter volume within specific structural covariance networks (Knolle et al., 2023) are independent predictors of PDP. Monitoring and managing these risk factors can aid in the early identification and delay the onset of PDP.

Studies have shown that over one-third of Parkinson’s patients discontinue antipsychotic treatment (Pham Nguyen et al., 2021). Factors such as younger age, male gender, anemia, use of anti-anxiety medication or anxiety, use of sedatives/hypnotics, bladder disease, coronary artery disease, diabetes, hypertension, and dementia are more likely associated with changes in PDP treatment in LTC settings (Rashid et al., 2022). Low doses of AAPs are commonly prescribed off-label. Therefore, for patients who cannot tolerate quetiapine or clozapine, a gradual transition to pimavanserin while maintaining adequate 5-HT2A antagonism is recommended (Black et al., 2018). Integrating clinical pharmacists into outpatient neurology clinics can improve the accessibility of pimavanserin (Livezey et al., 2021), helping maintain treatment adherence and reduce risks.

This study was the first to explore the development trends and potential frontiers of PDP over the past few decades from a bibliometric perspective. It included 603 articles across 54 countries, 207 journals, and 857 institutions. The analysis covered annual publication volumes, prolific countries, journals, institutions, as well as highly cited articles and burst keywords, providing a wealth of data. Additionally, we used CiteSpace and VOSviewer to transform quantitative literature data into visual maps and networks, making the information more accessible. However, this study has some limitations. According to CiteSpace formatting requirements, we included only review and article formats, which may lead to an incomplete representation of relevant publications. Articles published after the search date were not included, potentially affecting the timeliness of the research.

While our current analysis primarily focuses on bibliometric output, future studies could explore the relationship between research funding and publication output in the field of PDP. Understanding how funding correlates with output may reveal important insights into global research trends. For example, data from funding agencies such as the National Institutes of Health or Horizon Europe could be correlated with bibliographic data to assess the impact of financial investment on research outcomes in PDP.




5 Conclusion

Research on PDP is advancing rapidly and showing promising trends. Many countries, institutions, and authors have contributed to this field. Topics such as brain, prevalence, connectivity, and AAPs have received extensive attention. Current research hotspots include functional connectivity, pimavanserin, and risk factors. In the field of new drug development, novel 5-HT2A receptor inverse agonists and mGlu2 agonists based on 5-HT2A antagonists are being extensively studied. However, there is low connectivity between countries. Future efforts should focus on strengthening international academic collaborations around PDP research hotspots to enhance the impact of this field and increase the publication of highly cited articles.
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Parkinson’s disease (PD) is the second most common neurodegenerative disease worldwide and seriously affects the quality of life of elderly patients. PD is characterized by the loss of dopaminergic neurons in the substantia nigra as well as abnormal accumulation of α-synuclein in neurons. Recent research has deepened our understanding of the gut microbiota, revealing that it participates in the pathological process of PD through the gut-brain axis, suggesting that the gut may be the source of PD. Therefore, studying the relationship between gut microbiota and PD is crucial for improving our understanding of the disease’s prevention, diagnosis, and treatment. In this review, we first describe the bidirectional regulation of the gut-brain axis by the gut microbiota and the mechanisms underlying the involvement of gut microbiota and their metabolites in PD. We then summarize the different species of gut microbiota found in patients with PD and their correlations with clinical symptoms. Finally, we review the most comprehensive animal and human studies on treating PD through fecal microbiota transplantation (FMT), discussing the challenges and considerations associated with this treatment approach.
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1 Introduction

Parkinson’s disease (PD) is a degenerative neurological disorder commonly affecting the elderly. In its later stages, PD typically presents with tremors, muscle rigidity, akinesia, and postural instability (Bloem et al., 2021). The core pathological features of PD include the abnormal aggregation of α-synuclein and the degeneration and necrosis of dopaminergic neurons in the substantia nigra (Hansson, 2021). The incidence of PD is primarily associated with age, environment, lifestyle, and genetic factors, with genetic and environmental factors playing significant roles. However, no specific etiology has been definitively linked to PD (Tansey et al., 2022). The pathogenesis of PD is complex, involving mechanisms such as abnormal aggregation of α-synuclein, mitochondrial dysfunction, lysosomal or vesicular transport issues, synaptic transmission disorders, and neuroinflammation (Kalia and Lang, 2015).

In recent years, most studies have found that gut microbiota have closely related to the occurrence of human diseases. The gut microbiota are not static, and they are dynamic changes due to the genetic background, diet, lifestyle, drug use, age, and environmental factors of the host (Fan and Pedersen, 2021). Therefore, under the above factors, the dynamic changes of the gut microbiota may participate in the pathogenesis of the PD through the gut-brain axis. As early as 2006, it was suggested that, under certain conditions, several bacteria could multiply and aggregate α-synuclein in the gastric mucosa, which then reaches the central nervous system through complex conduction pathways, contributing to the pathogenesis of PD. This hypothesis proposed that PD may originate in the gut (Braak et al., 2006). Subsequently, Holmqvist et al. (2014) demonstrated that α-synuclein could be transmitted from the gut to the brain through the vagus nerve, causing PD motor symptoms. These studies underscore the importance of the gut-brain axis in PD progression.

Previously, it was believed that inflammatory mediators and neurohormones mediate the brain and gut communicate bidirectionally (Agirman et al., 2021). Recent studies, however, have shown a close relationship between gut microbiota and the development of PD. The gut microbiota and its metabolites participate in the interaction between the gut-brain axis of PD, forming what is now known as the microbiome-gut-brain axis (Agirman and Hsiao, 2021). Moreover, there is a significant difference in gut microbiota between people with PD and healthy people, with correlations observed between key microbiota categories and PD symptoms (Heinzel et al., 2020; Palacios et al., 2023).

At present, the primary treatment for PD involves dopamine replacement therapy to alleviate motor symptoms and has no effect on non-motor symptoms. Recent research indicates that levodopa can reduce the Aβ pathology in the Alzheimer mice model (Lee et al., 2024). But, there is no evidence that Levodopa can reduce the deposition of α-Synuclein in PD. Given the potential link between gut microbiota and PD, many new therapies targeting the regulation of gut microbiota have emerged. A number of clinical diseases have been treated with fecal microbiota transplantation (FMT) and certain therapeutic effects have been observed (Smits et al., 2013). FMT can help restore the normal composition of gut microbiota, mediate the bidirectional interaction of the gut-brain axis, provide neuroprotective effects, and improve the long-term quality of life for patients. Therefore, such polypharmacy is like dopamine replacement therapy combined with FMT may reduce the content of α-Synuclein in the brain of PD patients to improve the motor and non-motor symptoms of PD patients. This article summarizes the latest mechanism by which gut microbiota participate in the gut-brain axis of PD and reviews the relevant research progress of the use of FMT as an adjuvant treatment for PD.



2 Gut microbiota and the gut-brain axis

The human intestinal tract contains about 1,000 types of symbiotic microorganisms, including bacteria, fungi, and viruses, with bacteria being the majority and accounting for more than 90% (Lucidi et al., 2021). The gut microbiome encodes over 3 million genes, which is 100 times the number of human genes, often referred to as the “second human genome” (Grice and Segre, 2012). Among the gut microbiota, bacteria are the most abundant and widely studied organisms. The gut microbiota has a complex structure and is composed of four bacterial phyla: Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria, listed in order of prevalence (Qin et al., 2010). Symbiotic relationships exist between these bacteria and their hosts, supporting physiological homeostasis. Healthy gut microbiota are essential for nutrient absorption (Wittwer et al., 2023), material metabolism (Lin and Medeiros, 2023), body development (Dominguez-Bello et al., 2019), immune enhancement (Donald and Finlay, 2023) and anti-aging (Yu L. et al., 2023).

As shown in Figure 1, the microbiota-gut-brain axis refers to a bidirectional communication pathway between the gut microbiota, the enteric nervous system, and the central nervous system. There are at least three parallel pathways through which the gut microbiota interacts with the brain: neural, endocrine, and immune (Agirman and Hsiao, 2021). The gut microbiota can transmit corresponding signals to brain regions directly via enteric nervous system, which innervate the vagus nerve and spinal cord afferent nerves, affecting physiological activities. The vagus nerve and spinal cord efferently project to the intestinal mucosa, directly affecting intestinal function and the composition of the gut microbiota (Agirman and Hsiao, 2021; Niesler et al., 2021). Metabolites of the gut microbiota and some subgroups can affect intestinal endocrine cells and induce the secretion of hormones and neurotransmitters that regulate the brain (Mulak, 2020; Agirman and Hsiao, 2021). Moreover, the gut microbiota interacts with neuroendocrine signaling pathways mediated by the hypothalamic-pituitary-adrenal (HPA) axis (Mulak, 2020).
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FIGURE 1
The gut microbiota has the ability to modulate the brain through three primary pathways: neural, endocrine, and immune. Specifically, the gut microbiota influences the enteric nervous system by transmitting information to the central nervous system via the vagus nerve. Furthermore, metabolites produced by gut microbiota have been found to stimulate enteroendocrine cells, leading to the release of hormones that play a regulatory role in brain function. Additionally, it is worth noting that the gut microbiota is capable of eliciting an immune response in the intestines, which subsequently results in the release of immune regulatory factors impacting physiological activities through mechanisms such as the BBB. BBB, blood-brain barrier.


Short-chain fatty acids (SCFAs) and lipopolysaccharides produced by the gut microbiota are some of the metabolites that can shape intestinal immune homeostasis. Gut microbiota interactions with local immune cells can lead to functional changes and promote peripheral immune effector cells to enter systemic circulation through the blood-brain barrier (BBB), causing neuroinflammation in the brain (Cheng et al., 2023a). In addition to the bottom-up regulation of brain pathological changes by the gut microbiota, some diseases of the central nervous system can also result in alterations to the gut microbiota, further aggravating conditions such as stroke (Peh et al., 2022). The communication mechanisms of the microbiota-gut-brain axis are complex. In addition, the relevant literature also suggests that the gut microbiota can be a key role in the pathogenesis of neurodegeneration by affecting neuromocytomosis, folding and removing protein errors, and the integrity of BBB (Padhi et al., 2022).



3 The specific mechanism of gut microbiota participation in the gut-brain axis of PD


3.1 The association between gut microbiota and α-synuclein

The abnormal aggregation of α-synuclein in the substantia nigra is a crucial pathological feature of PD, and understanding the relationship between gut microbiota and α-synuclein is key to clarifying the pathogenesis of PD. In the early stages of PD, gastrointestinal dysfunctions such as constipation, dysphagia, salivation, delayed gastric emptying, and anorectal dysfunction occur, often preceding motor symptoms (Travagli et al., 2020; Talman and Safarpour, 2023). Researchers have proposed that intestinal lesions may precede brain lesion, introducing the concept of body priority (Nuzum et al., 2022). In fact, α-synuclein is not only found in the brain but also present in the peripheral nervous system. In Shannon et al. (2012a,b) first identified abnormal aggregation of α-synuclein in the colonic submucosal nerve fibers of patients with PD. Subsequent research confirmed, using different PD models, that abnormal aggregation of α-synuclein in Schwann cells in the intestine leads to gastrointestinal dysfunction and vagus inflammation via the toll-like receptor-2 (TLR2)/myeloid differentiation primary response gene 88 (MyD88)/nuclear factor kappa-B (NF-κB) signaling pathway (Cheng et al., 2023c; Jiang et al., 2023). The current hypothesis is that α-synuclein is transmitted to the central nervous system through the vagus nervous system in a prion-like manner (Jan et al., 2021).

Similar to prions, α-synuclein has the ability to escape from a cell and subsequently spread into neighboring cells. Both in vivo and in vitro experiments have confirmed that transplanted cells can detect host α-synuclein (Desplats et al., 2009; Hansen et al., 2011). For example, Holmqvist et al. (2014) administered various forms of recombinant α-synuclein as well as α-synuclein derived from human PD brain lysates directly into the intestinal wall of rats, detecting α-synuclein in the vagus nerve 48 h later, eventually reaching the dorsal motor nucleus of the vagus nerve in the brain stem. Another study by Kim et al. (2019) injected pathological α-synuclein prefabricated fibers into the duodenum and muscular layer of the pylorus, tracking the diffusion path of this pathological α-synuclein in the brain. It first appeared in the posterior cerebral tail, then in the basolateral amygdala, dorsal raphe nucleus, and finally in the substantia nigra (Kim et al., 2019). Related studies have shown that the inoculation of pathological α-Synuclein prefabricated fibers can directly affect the activation of microglia in the brain (Rey et al., 2016; Manfredsson et al., 2018; Uemura et al., 2019). These studies strongly suggest that enteric-derived α-synuclein can migrate to the brain through the vagus nerve. Abnormal aggregation of α-synuclein in the nigrostriatum can further lead to M1-like phenotype polarization of microglia, activation of nucleotide oligomerization domain (NOD)-like receptor heat protein domain protein 3, and impaired autophagy and phagocytosis of microglia (Wood, 2022; Lv et al., 2023).

α-synuclein can accumulate and migrate in the intestine, and intestinal microorganisms are also associated with its production. Amyloid fibrin (curli) is a major component of bacterial biofilms, enhancing bacterial adhesion, colonization, and invasion, thus increasing virulence. Curli is often produced by Salmonella spp and Escherichia coli. It is formed by seven subunits, with CsgA serving as the primary structural subunit, and α-synuclein structurally similar to curli (Sheng et al., 2020; Yan et al., 2020). In rodent models, transgenic mice overexpressing α-synuclein were colonized with curli-producing Escherichia coli via artificial gavage, resulting in significantly increased α-synuclein in the intestine and brain compared to controls (Sampson et al., 2020; Schmit et al., 2023). Wang C. et al. (2021) found through whole genome screening that the Escherichia coli gene CsgA is a crucial gene that exacerbates neuropathy in a PD model of C. elegans. However, the exact transition mechanism remains unclear, and whether other bacteria produce curli remains to be elucidated. Notably, targeted reduction of curli-producing bacteria could offer a breakthrough in developing new therapies.



3.2 Role of SCFAs

SCFAs are a type of saturated fatty acids that contain fewer than six carbon atoms, including formic acid, acetic acid, propionic acid, butyric acid, and isobutyric acid. They are metabolic byproducts of gut microbiota, generated via the fermentation of polysaccharides, such as dietary fiber and resistant starch (Mirzaei et al., 2021). Importantly, 95% of SCFAs are transported and absorbed by colon epithelial cells, with only a small portion reaching peripheral tissues through systemic circulation. These SFCAs act as signaling molecules to regulate physiological functions or provide energy to target cells (Dalile et al., 2019). As signaling molecules, SCFAs mainly bind to G-protein coupled receptors (GPCRs) on cell membranes to regulate the host’s metabolic immune response, cell proliferation, and other physiological activities (He et al., 2020). Studies have shown that the fecal matter of patients with PD contains a higher abundance of certain SCFAs-producing bacteria (such as Prevotellaceae, Fusicatenibacter, Faecalibacterium, and Blautia) and the concentration of SCFAs decrease, correlating with the significant severity of clinical symptoms (Tan et al., 2021; Nishiwaki et al., 2022; Yang et al., 2022). This suggests that SCFAs may potentially play a significant role in the pathogenesis of PD.

Excessive activation of microglia in the substantia nigra and basal ganglia of patients with PD induces increased expression of inflammatory factors and macrophage infiltration, linking microglia activation and neuroinflammation to the pathogenesis of PD (Kwon and Koh, 2020). SCFAs, particularly butyric acid, seem to play a significant role in regulating the activation of microglia. Multiple studies have demonstrated that butyric acid has the potential to decrease the activation of astrocytes and microglia in the brains of mice with PD, inhibit the expression of inflammatory factors, upregulate brain- and glia-derived neurotrophic factors, and reduce dopaminergic neuron loss (Srivastav et al., 2019; Hou Y. et al., 2021; Guo et al., 2023; Ji et al., 2023). Moreover, the neuroprotective effect of butyric acid on PD may be mediated through the Janus kinase-2/signal transducer and activator of tran-ions-3 (JAK2/STAT3) and TLR4/MyD88/NF-kB signaling pathways (Guo et al., 2023; Ji et al., 2023).

The permeability of the BBB also influences PD progression. Reduced permeability allows inflammatory mediators and toxins to enter, contributing to neuroinflammation and loss of dopaminergic neurons. Butyric acid supplementation has been shown to significantly improve the levels of the tight junction proteins occludin and zonula occludens-1 in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD mouse models, maintaining the integrity of the BBB (Liu et al., 2017). SCFAs also play a direct role in regulating energy metabolism and insulin release through the stimulation of peptide YY (PYY) and glucagon-like peptide 1 (GLP-1) secretion in intestinal endocrine cells (Larraufie et al., 2018; May and den Hartigh, 2021). Sun et al. (2021) found that supplementation with Clostridium butyricum in MPTP-induced PD mice increased the number of SCFA-producing bacteria, promoted GLP-1 secretion by intestinal endocrine L cells, and activated the GLP-1 receptor in the brain, thereby improving dopaminergic neuron loss and neuroinflammation.

Additionally, studies have revealed a significant reduction in propionate levels in the feces of patients with PD. Supplementation with propionate in PD mice was found to improve motor symptoms, possibly by enhancing intestinal epithelial barrier function through the Automatischer Kassentresor (AKT) signaling pathway (Huang et al., 2021). Osteocalcin has been shown to increase Bacteroides levels in the gut microbiota of PD mice, boost fecal propionate levels, and alleviate motor deficits and the loss of dopaminergic neurons (Hou Y. F. et al., 2021). Therefore, the therapeutic effects of propionic acid in PD warrant further investigation.

Accumulated evidence suggests that SCFAs can benefit PD by alleviating BBB damage, inhibiting microglial activation, and improving neuroinflammation. However, conflicting results also exist: butyric acid has been found to promote the activation of microglia and astrocytes, leading to an upregulation of pro-inflammatory factors such as interleukin-6, interleukin-18, inducible nitric oxide synthase, and nitric oxide, thereby aggravating neuroinflammation (Qiao et al., 2020). These contrasting outcomes may result from differences in model types, treatment durations, dosages, and experimental protocols. Therefore, SCFAs have great potential as safe and effective targets for the treatment of PD.



3.3 Other metabolites produced by the gut microbiota

One of the pathological characteristics of PD is the degeneration of dopaminergic neurons, and the most important current treatment is oral levodopa, which is absorbed from the intestinal tract to the systemic circulation, crosses the BBB, and is transformed into dopamine within the brain for therapeutic purposes (Lewitt, 2008). However, previous studies have found that Enterococcus faecalis (E. faecalis) in the intestine is also involved in the absorption and metabolism of levodopa (van Kessel et al., 2019; Wang Y. et al., 2021). The metabolism of levodopa and dopamine in patients with PD is correlated with the abundance of E. faecalis. The bacteria produce tyrosine decarboxylase, which has the ability to transform levodopa into dopamine, thereby weakening the efficacy of levodopa (van Kessel et al., 2019). Conversely, other studies have found that oral administration of berberine in PD model mice can increase the enzymatic activity of tyrosine hydroxylase, which acts as the rate-limiting enzyme in E. faecalis, thereby promoting the production of levodopa and alleviating PD symptoms (Wang Y. et al., 2021). This suggests that E. faecalis reduces the bioavailable levodopa, thereby limiting the amount of drug that reaches the brain and provides therapeutic benefit. but its biological activity on levodopa still requires further study.

Molecular hydrogen (H2), a metabolite of the gut microbiota, is usually produced by Clostridium, anaerobic cocci, and Enterobacteriaceae (Smith et al., 2019). Recent studies have indicated that the quantity of H2-producing bacteria in the intestines of patients with PD is significantly reduced, with H2 content being 2.2 times lower than that in healthy controls (Suzuki et al., 2018). In fact, earlier studies found that drinking water with low concentrations of H2 can mitigate the loss of dopaminergic neurons caused by MPTP, thus ameliorating symptoms in a mouse model of PD (Fujita et al., 2009). The underlying mechanism may be related to the antioxidant, anti-inflammatory and neuroprotective properties of H2 (Ostojic, 2018).

Hydrogen sulfide (H2S) is a gaseous neurotransmitter, and excessive H2S produced by intestinal bacteria may induce PD. Sulfate-reducing bacteria are major producers of H2S in the feces of healthy individuals (Dordevic et al., 2021). Importantly, bacterial species known to produce H2S, such as Helicobacter pylori, Clostridium difficile, and Vibrio desulfuricum, are reportedly associated with the occurrence of PD (Huang et al., 2018; Kang et al., 2020; Murros et al., 2021; Nie et al., 2023). Excessive endogenous H2S induces the release of cytochrome C (Cyt c) into the mitochondria of intestinal cells and increases cytoplasmic iron levels, thereby increasing reactive oxygen species (ROS) (Murros, 2022). The presence of α-synuclein, Cyt c and ROS together leads to the aggregation of α-synuclein in the intestine and its transmission to the brain, promoting the development of PD (Murros, 2022). However, exogenous inhalation of H2S or injection of NaHS (an H2S donor) has been found to have a beneficial effects on PD in both cell and animal experiments (Kida et al., 2011; Sarukhani et al., 2018; Tian et al., 2022; Hacioglu et al., 2023; Nagashima et al., 2023), possibly due to the upregulation of antioxidant protein-coding genes (Kida et al., 2011). Therefore, the role of H2S in PD needs further study, as differences in H2S concentration, the method of administration methods, and the target sites may lead to varying results. Moreover, studies suggest that low concentrations of H2S inhalation are beneficial for stroke recovery, whereas high concentrations are beneficial for other conditions (Chan and Wong, 2017).

In conclusion, as depicted in Figure 2, the gut microbiota and its metabolites are involved in the pathogenesis of PD. However, the roles of some important metabolites in PD need further clarification through additional studies. Furthermore, bacterial metabolites such as bile acids (Zangerolamo et al., 2021), 5-hydroxytryptamine (Frouni et al., 2022) and γ-aminobutyric acid (Roberts et al., 2021) are also involved in the pathological progression of PD.


[image: Diagram depicting the gut-brain axis with three sections highlighting different pathways. Top left shows interaction between intestinal epithelial, vagus nerve, and α-synuclein. Top right illustrates signaling molecules passing the blood-brain barrier, involving G-protein coupled receptors and SCFAs. Bottom section depicts intestinal processes, including levodopa and dopamine production by Enterococcus faecalis, interaction of gas-producing bacteria, and neurotransmitter activity. Central image of human silhouette with focus on nervous and digestive systems.]

FIGURE 2
Gut microbiota has the potential to influence the onset of PD through various mechanisms: certain intestinal bacteria promote α-synuclein aggregation in the intestine by producing curli, leading to PD via transmission through the vagus nerve to the nigrostriatum of the midbrain. SCFAs, produced by intestinal flora metabolism, activate intestinal G-protein-coupled receptors, promoting intestinal cells to release corresponding signaling molecules and alleviate neuroinflammation crossing the BBB. E. faecalis in the intestine can impact the conversion between levodopa and dopamine, thereby affecting PD symptoms. Reduction in the population of H2-producing bacteria and an increase in H2S-producing bacteria within the intestine may lead to alterations in the levels of related gaseous molecules, thereby impacting PD through effects on both the intestinal barrier and BBB. Other metabolites of gut microbiota may further contribute to the advancement and progression of PD by interacting with corresponding receptors on intestinal cells, such as bile acids, 5-hydroxytryptamine, and gamma-aminobutyric acid. PD, Parkinson’s disease; SCFAs, short-chain fatty acids; BBB, blood-brain barrier; H2, molecular hydrogen; H2S, hydrogen sulfide.





4 Characteristics of gut microbiota in Parkinson’s disease

Numerous studies have demonstrated differences in gut microbiota between patients with PD and healthy controls across various classification levels. Table 1 summarizes the findings of 13 studies chronologically. Decreased relative abundances in PD include Prevotellaceae (Scheperjans et al., 2015; Unger et al., 2016; Bedarf et al., 2017; Mertsalmi et al., 2017; Petrov et al., 2017; Babacan Yildiz et al., 2023), Roseburia (Barichella et al., 2019; Boktor et al., 2023) and Faecalibacterium (Petrov et al., 2017; Boktor et al., 2023), while increased abundances include Akkermansia (Bedarf et al., 2017; Heintz-Buschart et al., 2018; Barichella et al., 2019; Baldini et al., 2020; Zhang K. et al., 2022; Boktor et al., 2023), Verrucomicrobiaceae (Heintz-Buschart et al., 2018; Barichella et al., 2019; Zhang K. et al., 2022; Babacan Yildiz et al., 2023), Bifidobacterium (Hill-Burns et al., 2017; Petrov et al., 2017; Boktor et al., 2023) and Lactobacillus (Petrov et al., 2017; Baldini et al., 2020; Babacan Yildiz et al., 2023). These observations align with most of meta-analysis results (Nishiwaki et al., 2020; Hirayama and Ohno, 2021; Toh et al., 2022; Zhou et al., 2023). A study by Scheperjans et al. (2015) first reported a 77.6% reduction in Prevotellaceae abundance in PD patients. However, the exact relationship between Prevotellaceae and PD remains unclear due to sequencing method limitations, although Prevotellaceae is known to generate beneficial H2S (Cakmak, 2015).


TABLE 1 Characteristics of gut microbiota and clinical significance of microbiome variation in PD.
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Bacteria that increase in PD, such as Akkermansia, Bifidobacterium, and Lactobacillus, are often considered probiotics (Cani, 2018), with their increased abundance seen as an adaptive response to PD (Tan et al., 2022). Moreover, many studies link gut microbiota with disease severity, duration, drug treatment, motor symptoms and non-motor symptoms to explain disease development (Bi et al., 2022). Associations include Enterobacteriaceae abundance positively correlating with postural instability and gait difficulty severity (Scheperjans et al., 2015), while Escherichia/Shigella were negatively associated with disease duration (Qian et al., 2018), and Dorea and Phascolarctobacterium negatively associated with levodopa equivalent doses (Qian et al., 2018). Paraprevotella has shown a negative association, while Bilophila demonstrated a positive correlation with Hoehn and Yahr staging (Baldini et al., 2020). However, there was a notable disparity in the composition of gut microbiota between the PD and healthy individuals. Although significant differences in gut microbiota composition exist between PD and control groups, heterogeneity among studies, including feces collection processes, control selection, sequencing methods, geographical environments, diets, and medications complicates identifying unified bacterial biomarkers or constructing early diagnostic models. Recently, researchers proposed a potential diagnostic biomarker for PD based on a shotgun metagenomic sequencing-derived PD index, unaffected by disease severity or PD medication use (Qian et al., 2020). This index holds promise as a new diagnostic tool for distinguishing PD.

While single omics technologies can reflect species and genera differences in gut microbiota, multiple omics combinations are needed to understand specific pathogenic mechanisms. Therefore, researchers often integrate gut microbiome with fecal metabolomics, transcriptomics, and proteomics to explore the intricate role of the microbiota in human health. For instance, Tan et al. (2021) correlated 16S rRNA gene sequencing with fecal metabolomics, revealing decreased bacteria producing SCFAs and significant fecal butyrate reduction in PD. Cirstea et al. (2020) investigated gut microbiome functions via gut microbiome and serum metabolomics correlation, and observed a reduction in carbohydrate fermentation capacity and butyric acid synthesis, as well as an increase in proteolytic fermentation and the production of harmful amino acid metabolites in PD. Despite these insights, most current studies are cross-sectional and cannot definitively establish causal relationships between the gut microbiome and PD. Longitudinal studies using multi-omics approaches are thus warranted for deeper understanding. During a two-year longitudinal follow-up study, Aho et al. (2019) found that the gut microbiota of both patients with PD and healthy controls exhibited no significant changes across various time points, suggesting the need for longer follow-ups for comprehensive insights. In conclusion, prospective or longitudinal studies employing multi-omics approaches are essential for unraveling the gut microbiota-PD relationship.



5 Application of fecal microbiota transplantation in Parkinson’s disease

FMT involves the transfer of gut microbiota from a healthy donor into the intestines of a patient, thereby reshaping the recipient’s gut microbiota to a normalized state. This novel therapy has emerged in recent years as a means to modulate the gut microbiota. Because of its notable efficacy and safety, FMT holds promise not only in treating intestinal disorders such as Clostridium difficile infection (Walter and Shanahan, 2023), inflammatory bowel disease (Haifer et al., 2022), and irritable bowel syndrome (Holvoet et al., 2021), but also in exploring novel avenues for managing systemic conditions including non-alcoholic fatty liver disease (Gupta et al., 2021), obesity (Rinott et al., 2021), type 2 diabetes (Wu et al., 2022), autoimmune pancreatitis (Kamata et al., 2019), and neoteric diseases (O’Leary, 2021).

The gut microbiota exerts influence on brain function through the gut-brain axis, and FMT has demonstrated efficacy in treating certain central nervous system disorders (Matheson and Holsinger, 2023). Therefore, this review aims to provide an overview of the current use of FMT in animal models of PD and human studies, and is summarized in Tables 2, 3, respectively, to provide insights and conclusions about the potential of FMT as a therapeutic intervention for PD.


TABLE 2 FMT in animal studies on PD.
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TABLE 3 FMT in human studies on PD.

[image: Table detailing various fecal microbiota transplantation studies. Columns include patient and donor details, type of clinical study, therapeutic schedule, FMT effects, side effects, and references. Each row provides specific information: a case report showed tremor improvement, a pilot study decreased symptom scores, evaluation research noted score increases, a case series observed increased scores, and a randomized trial improved gastrointestinal disorders. Side effects varied, including diarrhea and abdominal pain. References are Huang et al., 2019, Xue et al., 2020, Kuai et al., 2021, Segal et al., 2021, and Cheng et al., 2023.]


5.1 Animal studies on Parkinson’s disease

Sampson et al. (2016) initially established a Germ-free Thy1-αSyn mouse model, and subsequently introduced fecal samples from patients with PD versus healthy controls via gavage into these germ-free mice. Their findings revealed that the Thy1-αSyn mice receiving fecal transplants from patients with PD exhibited more pronounced motor function impairment compared to the group receiving fecal transplants from healthy controls. However, minimal changes were observed in body weight or gastrointestinal function (Sampson et al., 2016). Additionally, this study highlighted that SCFAs exacerbated α-synuclein aggregation in the brain and motor deficits in α-synuclein-overexpressing mice (Sampson et al., 2016). Notably, this study pioneered the use of FMT to explore the interplay between gut microbiota, its metabolites, and PD in a germ-free mouse model. Subsequent research further corroborated the direct therapeutic potential of FMT in PD mouse models (Sun et al., 2018; Zhao et al., 2021; Zhong et al., 2021; Zhang T. et al., 2022).

Sun et al. (2018) demonstrated that FMT could modulate the gut microbiota of MPTP-induced PD mice, leading to reduced SCFAs levels in feces, which in turn improved motor function while decreasing microglia and astrocytic activity in the substantia nigra. Moreover, FMT was found to decrease α-synuclein levels in the brains of PD mouse models (Zhong et al., 2021) and enhance gut and BBB permeability (Zhao et al., 2021). Mechanistic investigations into FMT therapy suggested that these effects may occur through inhibition of the TLR4/tumor necrosis factor-alpha (TNF-α) signaling pathway (Sun et al., 2018; Zhao et al., 2021; Zhong et al., 2021). Further clarification of the role of TLR4 in PD was provided by Perez-Pardo et al. (2019), where TLR4 knockout in PD mice reduced intestinal and brain inflammation, implicating TLR4 as a key receptor in PD-related neurodegeneration.

In these studies, donors were healthy mice of the same strain. To explore the therapeutic potential of human-derived gut microbiota in PD models, Xie et al. (2023) transplanted fecal samples from patients with PD and healthy individuals into MPTP-induced mice. Their results indicate that FMT from healthy human donors suppressed microgliosis and astrogliosis, restored nigra peristriatal cells, and preserved BBB integrity, possibly mediated via the AMP-activated protein kinase (AMPK)/superoxide dismutase 2 (SOD2) signaling pathway to mitigate mitochondrial damage (Xie et al., 2023). Yu J. et al. (2023) utilized bioinformatics analysis to identify the significance of nicotinamide mononucleotide adenylyltransferase 2 (NMNAT2) in PD pathogenesis induced by gut microbiota. Further investigation into the molecular mechanisms of FMT in PD treatment involved treating 6-OHDA-treated rats with FMT, resulting in upregulation of NMNAT2 expression. This upregulation, along with reduced glutathione (GSH) content, total SOD, and glutathione peroxidase (GSH-Px) activities, contributed to the mitigation of oxidative stress and amelioration of neurobehavioral defects in rats (Yu J. et al., 2023).

Regarding donor selection, most studies utilized fecal samples from young and healthy individuals, with minimal investigation into the fecal samples from elderly donors for FMT. Qiao et al. (2023) observed that while fecal transplantation from old and young mice did not alter the intestinal tract or neuroinflammation in PD mice, fecal samples from old mice improved motor disorders by enhancing neurogenesis in the hippocampus. Similar effects on the hippocampus of elderly mice were reported in prior studies (Rei et al., 2022), underscoring the importance of considering donor when performing FMT on PD patients.

In summary, these findings indicate that FMT holds promise in treating PD by mitigating inflammation via TLR4/TNF-α signaling pathway inhibition, improving mitochondrial damage through AMPK/SOD2 pathway activation, and reducing oxidative stress via NMNAT2 upregulation. Future research endeavors should further elucidate the therapeutic mechanisms of FMT in PD.



5.2 Human studies on Parkinson’s disease

Although FMT has not been widely implemented in treating PD, several case reports and case-control studies suggest that FMT can normalize gut microbiota disturbances in patients with PD, leading to improvements in both motor and non-motor symptoms (Huang et al., 2019; Xue et al., 2020; Kuai et al., 2021; Segal et al., 2021). In Huang et al. (2019) conducted a pioneering study applying FMT to a patient with PD suffering from constipation. They inserted a transendoscopic enteral tube into the patient’s ileocecal area via colonoscopy, administering 200 ml of fecal bacterial solution daily for three days. During a three-month follow-up, the patient’s bowel movement time decreased from > 30 min to < 5 min. Remarkably, the patient’s resting tremor in both lower limbs nearly disappeared one week post-treatment, although symptoms in the right lower limb reappeared two months later without any adverse reactions (Huang et al., 2019). While this was merely a case report, it highlighted the potential of FMT in the management of PD.

In Xue et al. (2020) expanded on this research by applying FMT to a larger cohort of patients with PD. They conducted a self-controlled clinical study involving ten patients with PD who underwent FMT via colonoscopy and five patients with PD who underwent FMT via a nasojejunal tube. The results indicated improvements in motor function, anxiety, depression, and sleep symptoms among patients treated via colonoscopy, whereas those treated via the nasojejunal tube exhibited less significant improvements (Xue et al., 2020). This suggests that the route of FMT administration may impact its therapeutic efficacy, a hypothesis further supported by Gundacker et al. (2017), who proposed that bacterial loss during migration from the jejunum to the colon could explain the variance in effectiveness.

Cheng et al. (2023b) conducted an FMT trial involving 56 patients with mild-to-moderate PD, administering fecal bacterial capsules. Throughout the duration of the follow-up period, patients receiving FMT exhibited significant improvements in autonomic symptoms and gastrointestinal disorders compared to those in the placebo group, without experiencing any serious adverse reactions. This study represents the only clinical randomized controlled trial reported to date (Cheng et al., 2023b). Collectively, these studies underscore the potential of FMT for the treatment of PD.

Safety is a paramount consideration in FMT applications. Reported side effects include diarrhea, abdominal pain, venting, flatulence, nausea, and throat irritation, which are usually mild and transient (Xue et al., 2020; Kuai et al., 2021). However, one patient in Segal’s study experienced recurrent episodes of vasovagal presyncope 24 h post-FMT, lasting for 8 h—an adverse effect not previously documented in FMT treatments (Segal et al., 2021). The longest follow-up duration in current studies is one year, which is insufficient to conclusively determine the long-term therapeutic effectiveness of FMT in PD treatment (Xue et al., 2020).

In summary, FMT has demonstrated therapeutic potential for PD, but more extensive and rigorous prospective studies are necessary to confirm its efficacy, safety and sustainability.



5.3 Deep thinking on the treatment of PD by FMT

Despite the promising results from animal and human studies on the treatment of PD with FMT, several key issues warrant deeper consideration, as they may significantly influence the efficacy of FMT.

First, the source of fecal donors is crucial for the treatment’s success. Donors can be either allogeneic or autologous. Allogeneic feces typically come from fecal banks or universal donors and undergo rigorous screening to ensure safety (Sorbara and Pamer, 2022). However, some pathogens may evade detection, posing potential risks post-transplantation. Therefore, autologous feces, stored before the onset of disease, might be a more suitable donor source (Sorbara and Pamer, 2022). Moreover, the age of allogeneic fecal donors is an important factor. Most current donors are healthy young adults, whose future risk of developing PD is unknown, which could inadvertently affect the progression of PD in recipients. Animal studies suggest that feces from elderly mice can enhance hippocampal neurogenesis and improve PD symptoms (Qiao et al., 2023), indicating that feces from healthy elderly donors might be more beneficial for FMT treatment.

The method of FMT administration is another critical consideration. Common methods include nasal jejunal tube transplantation, oral microflora capsule transplantation, and colonoscopy. Clinical studies have reported better outcomes with colonoscopic transplantation compared to nasojejunal tube transplantation (Xue et al., 2020). However, since PD patients are generally older and some may not tolerate colonoscopy, the balance between efficacy and safety is essential. Some studies also recommend using antibiotics like vancomycin to deplete the patient’s native gut microbiota, facilitating the colonization of donor microbiota (Contarino et al., 2023). However, the necessity of pre-antibiotic treatment remains undetermined, though animal experiments indicate that ceftriaxone might offer neuroprotective benefits in PD models (Zhou et al., 2021). More case-control studies are needed to evaluate the impact of antibiotic pretreatment on the efficacy of FMT.

Furthermore, there is no standardized FMT regimen for PD treatment. Variables such as the number of transplants and the interval between treatment cycles significantly influence outcomes. Most current cases report single infusions of bacterial fluid (Xue et al., 2020; Kuai et al., 2021; Segal et al., 2021), with one study administering daily infusions for three consecutive days (Huang et al., 2019). Symptom improvement, particularly for constipation, is more pronounced than motor symptom relief. Additionally, the longest follow-up duration in existing studies is one year (Xue et al., 2020), providing limited data on the long-term efficacy of FMT in PD treatment. Therefore, establishing a standard FMT regimen and determining the necessity of maintenance therapy are crucial areas for future research.

The ideal composition of the gut microbiota for PD treatment is still unclear. However, effective microbiota should possess anti-inflammatory properties, produce SCFAs, H2, and H2S, and should not interfere with anti-PD drug metabolism. Future developments in FMT may involve assembling well-characterized, functional bacterial strains into symbiotic microbiota to reestablish a healthy gut environment while avoiding potential pathogens (Sorbara and Pamer, 2022).




6 Conclusion and perspectives

In conclusion, the gut microbiota establishes a close interaction with PD through the microbiota-gut-brain axis. Disturbances in gut microbiota promote the development of PD by producing curli protein, reducing SCFAs production, and regulating other key bacterial metabolites. These changes contribute to the accumulation of α-synuclein in the intestine, its migration to the brain, decreased permeability of the intestinal and blood-brain barriers, and activation of microglia. This cascade ultimately leads to the abnormal aggregation of α-synuclein in the brains of patients with PD and the degeneration and necrosis of dopaminergic neurons in the substantia nigra.

There is a potential to use the gut microbial characteristics of patients with PD as biomarkers to assist in early diagnosis. FMT can rebuild the gut microbiota and play a neuroprotective role through anti-inflammatory mechanisms, improving mitochondrial function, alleviating oxidative stress, and effectively improving non-motor symptoms and some motor symptoms in patients with PD.

However, the focus should be on both the molecular mechanisms of FMT in treating PD and on conducting multicenter clinical studies to clarify its clinical effects. Currently, the number of relevant clinical studies is limited, and our understanding of the safety, effectiveness, and sustainability of FMT in treating PD is still evolving. Possible adverse reactions and long-term risks of FMT require careful attention, and the protocols for managing adverse effects should be prepared in advance.

To enhance the therapeutic effect of FMT, future research should aim to standardize key factors such as donor source, transplantation route, pre-transplantation antibiotic treatment, and standard transplantation protocols. It is crucial to examine research results critically and avoid overstating their significance. Rigorous and comprehensive studies are necessary to establish the causal relationship between gut microbiota and PD.

In conclusion, FMT demonstrates significant potential in the management of PD. More comprehensive and methodologically rigorous experiments are required to validate the effectiveness and safety of the treatment, ensuring that future applications are both effective and reliable.
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Objective: Parkinson’s disease (PD) is the second most common neurodegenerative disease. Current understanding of the abnormal neural network in PD is limited, which may be one of the reasons for the lack of effective treatments. Tissue-clearing techniques allow visualization of neurons and gliocytes that form the structural basis of the abnormal neuronal network, thus enabling a deeper understanding of the pathological neuronal network in PD and contributing to the study of therapeutic strategies. The aim of this study was to create pathological maps of PD and perform 3D visualization of the neural network.



Methods: We induced the PD model using 6-OHDA and a predesigned rotation test. We then performed tissue-clearing and 3D imaging of the whole-brain and brain slices of the mice using SHIELD and CUBIC.
Results: The rotation test showed that the 6-OHDA group had a significant increase than the sham group. SHIELD results showed a significant reduction in tyrosine hydroxylase (TH) signals in the substantia nigra (SN) + ventral tegmental area (VTA) and caudate putamen (CPu) regions in the 6-OHDA group compared to the sham group. Additionally, we performed 3D imaging and reconstruction of astrocytes, microglia, dopaminergic neurons, and blood vessels in the SN + VTA to visualize the neuronal network.
Conclusion: This study performed 3D imaging of the composition and spatial arrangement of neuronal vascular units at both macroscopic and microscopic levels, laying the foundation for the creation of a whole-brain pathological map of PD. It also provides a basis for exploring unknown neural circuits and visualizing them.

Keywords
Parkinson’s disease, 3D pathology, whole-brain tissue-clearing, optical imaging, neural network


1 Introduction

Parkinson’s disease (PD) is the second most common degenerative disease of the central nervous system (CNS) after Alzheimer’s disease (AD). Various motor symptoms of Parkinson’s disease, such as resting tremor, hypertonia, and bradykinesia; postural balance disorders; and non-motor symptoms such as sleep disturbances, gastrointestinal dysfunction and hyposmia significantly affect patients’ quality of life and impose severe psychological and economic burden on patients and their families (Kalia and Lang, 2015). The pathogenesis of Parkinson’s disease has been investigated since the late 19th century (Kulcsarova et al., 2024). Initial anatomical studies identified key pathological features, with Brissaud (1899) first describing substantia nigra (SN) damage in 1899. Subsequent histological breakthroughs emerged when Lewy (1912) observed characteristic eosinophilic neuronal inclusions in 1912, later termed Lewy bodies by Engelhardt (2017) following their localization within the SN in 1919. The mid-20th century brought neurochemical insights, notably Ehringer’s, 1960 discovery of striatal dopamine deficiency in PD patients (Ehringer and Hornykiewicz, 1960). Modern research (Lees et al., 2009; Gibb and Lees, 1988; Hill et al., 1993; Wakabayashi et al., 1994) confirms that cardinal motor symptoms including resting tremor and hypertonia correlate with nigrostriatal dopaminergic neurons (DA) degeneration. However, these findings cannot fully account for all clinical symptoms, this could be due to limitations in our understanding of neural networks and the inability to visualize the abnormal neural networks at the onset of PD. A clearer and more comprehensive representation of the pathological changes in the neural network after the onset of PD would help deepen researchers’ understanding of the pathogenesis of PD, thereby advancing research progress in the treatment of PD.

The tissue-clearing techniques developed in recent years can reduce light scattering by tissues, make them “transparent” and improve the imaging depth of optical imaging technology in tissues, which can overcome the two-dimensional limitation of pathological imaging. The integration of tissue clearing with optical microscopy now permits the acquisition of complete, precise, and specific three-dimensional reconstructions of whole-brain neural networks. Researchers have developed diverse tissue transparency protocols to facilitate three-dimensional fluorescence imaging of biological specimens and investigations into disease mechanisms. Whole-organ imaging at this scale provides a fundamental basis for analyzing structure-function relationships in neural networks, with particular significance for neurological disease research. These advancements are proving instrumental in elucidating abnormal brain network connectivity patterns associated with PD. Kubota et al. (2017) applied CUBIC clearing to successfully localize brain metastases and systemic metastases of malignant tumors and obtain 3D topographic maps of tumor metastases that are more comprehensive than thin section localization and more detailed than imaging localization. Furthermore, tissue clearing methodologies now play a pivotal role in advancing our understanding of neurodegenerative pathologies. In a study by Ando et al. (2014), the tissue clearing technique was applied to the pathological analysis of brain tissue from patients with AD, and β-amyloid and tau protein deposited plaques, which represent typical pathological changes in AD, were comprehensively presented, and the excursions of individual neuronal axons were explained the deposited ones plaques were clearly visible. Most significantly, pioneering studies (Liu et al., 2016; Menegas et al., 2015) have implemented CLARITY-based tissue clearing in whole-brain PD mouse models, enabling ultrastructural visualization of DA synaptic terminals projecting to striatal, cortical, and amygdalar regions. This methodological innovation has further facilitated the mechanistic exploration of DA-mediated neural circuitry. These results demonstrate the great potential and promising application of transparency technology to reveal disease pathological changes at a deeper level.

Given the powerful capabilities and unique advantages of tissue clearing techniques in visualizing brain neural networks and the relatively limited application of these techniques in PD research, in this study, we combined the CUBIC and SHIELD tissue clearing techniques with a PD mouse model to construct them in 3D pathological brain maps of PD mice. In this study, we aimed to comprehensively and carefully describe the changes in the brain’s neural networks during the onset of PD, thereby laying the foundation for further elucidation of the mechanisms of PD pathogenesis and the further development of PD treatment. This study also represents a novel investigation into the application of CUBIC and SHIELD transparency techniques to treat neurodegenerative diseases.



2 Materials and methods


2.1 Experimental animals

Six- to eight-week-old male C57BL/6J mice weighing 20 g to 25 g were purchased from Beijing Huafukang Bioscience Co. All animals were maintained in a specific pathogen-free environment with constant temperature and humidity (22 ± 2°C with 55 ± 15% relative humidity; 12 h light-dark cycle). During the duration of the study, mice were fed standard chow and had free access to water.



2.2 Experimental PD model

In this study, 6-hydroxydopamine (6-OHDA) was used to construct the mouse model of PD. Anesthetize mice with 1.25% tribromoethanol by intraperitoneal injection (0.02 ml/g weight). The mice were placed on a stereotaxic frame (RWD, 68001, China). Prepare 6-OHDA (Sigma-Aldrich, 3 μL, 5 mg/mL) by sterile saline containing 0.02% ascorbic acid, inject into the right substantia nigra compacta (SNc) using a microliter syringe, control rate at 0.5 μL/min. Using the bregma as the coordinate origin position, the body projection of the injection site was located using the following reference coordinates: directly posterior, −3 mm; medial, +1.3 mm; and dorsal, −4.7 mm. Five minutes after completing the injection, slowly withdraw the needle.



2.3 Rotation test

Apomorphine (APO) was dissolved in sterile saline containing 0.02% ascorbic acid and injected intraperitoneally into mice at a dose of 0.5 mg/kg body weight. Mice were placed subcutaneously in a square chamber (40 cm2), and recorded the number of turns within a period (1 min). Mice with more than seven turns per minute were reported as valid PD models.



2.4 Stabilization to harsh conditions via intramolecular epoxide linkages to prevent degradation (SHIELD)


2.4.1 PFA fixation

Mice were anesthetized with 1.25% tribromoethanol by intraperitoneal injection (0.02 ml/g body weight) and then perfused transcardially with ice-cold 1 × PBS followed by ice-cold 4% PFA solution. Dissected mouse brains were incubated in 4% PFA at 4°C with shaking overnight. Then wash the samples with 1 × PBS for at least 2 h twice at room temperature.



2.4.2 Tissue clearing

This study referred to that of Park et al. (2018) described method and used the SHIELD for tissue cleaning and staining. Cleaning of the fixed tissue samples was performed using the Nuohai Tissue Clearing Kit [Cat. No.: NH210701, Nuohai Life Science (Shanghai) Co., Ltd.]. Briefly, each fixed sample was immersed in 50 mL of Clarifying Solution 1 at 37 °C for 5 days (the treatment time depends on the sample size and cleaning performance) with gentle shaking, and the Clarifying Solution 1 was refreshed every day. Each sample was then washed by immersion in 1 × PBS for 6 h with gentle shaking at room temperature, and the PBS was renewed every 2 h. Using an equal volume of Solution 2 incubate each sample for an additional 4 days at 37°C with gentle shaking, then the samples were washed in PBS as described above. Next, the cleared sample was immunostained using the SmartLable stochastic electrotransport instrument (LifeCanvas Technologies, MA, USA). SmartLabel electrophoresis was performed for 20 h for primary antibodies and 8 h for secondary antibodies. The antibodies used in this study were rat anti-GFAP (Thermo Fisher-13-0300), mouse anti-TH (BioLegend, 818001), donkey anti-rat Alexa Fluor 561-conjugated secondary antibody (Invitrogen, A48270), and donkey anti-mouse Alexa Fluor 488-conjugated secondary antibody (Jackson ImmunoResearch, 715-545-151). To match refractive index (RI), samples underwent 2-min agitation in EasyIndex (RI = 1.465; LifeCanvas Technologies, Cambridge, MA, USA) using an orbital shaker at 60 rpm. After index matching, the sample should be clear enough to be easily visible when immersed in EasyIndex. Samples were subjected to agarose gel electrophoresis (1.2% wt/vol in EasyIndex) before imaging.



2.4.3 Imaging of Tiling Light Sheet Microscopy (Nuohai LS-18)

3D fluorescence imaging of the cleaned tissue was performed using the Nuohai LS-18 Tiling Light Sheet Microscope [Nuohai Life Science (Shanghai) Co., Ltd.; laser lines: 405, 488, 561, and 637 nm]. A 4 × tiled light sheet was used to illuminate the sample (Chen et al., 2020), and a 1×/0.25 NA objective (Olympus MVPLAPO) was used to collect fluorescence. Set the microscope magnification to 4×. The spatial resolution was approximately 3 μm3 × 3 μm3 × 7 μm3 under the chosen imaging conditions. Process the collected images using LS-18 ImageCombine software (Nuohai Life Science Co., Ltd., Shanghai) and render them using Amira (Thermo Fisher Scientific, USA).




2.5 CUBIC


2.5.1 Clearing the brain with CUBIC

The methodology used in this study is similar to our team’s previous research (Xu et al., 2019). Corresponding improvements have been made to the CUBIC clearing process. In this study, we cleared the whole-brain and thick brain blocks. After overnight fixation with 4% PFA, wash brain samples with PBS three times, each time for 1 h, and shake at room temperature (RT). For thick brain blocks, after the washing step, cut the whole-brain into 2 mm thick blocks from the coronal side. Then it was further clarified with 1/2-Reagent-1 oscillating at 60 rpm for 3 h at 37°C under the same conditions, and then the Reagent-1 was changed every two days until satisfactory optical transparency was achieved.

Samples were gently shaken in PBS (1 h × 3) at RT and then oscillated at 60 rpm at 37°C with 1/2 Reagent-2 for 24 h. We used Reagent-2 for further clarification and replaced the solution every two days until satisfactory optical transparency was achieved. We can store the cleared samples at 4°C in reagent-2 until imaging. The same transparent clearance steps were performed for the whole-brain tissue, and the time of each step was extended appropriately according to the size of the tissue. All cleaning procedures were performed in the dark to avoid fluorescent bleaching.



2.5.2 Immunofluorescence (IF) staining

Immunofluorescence staining of whole-brain and thick brain blocks was performed between Reagent-1 and Reagent-2. After clearing sample with Reagent-1, wash it with PBS for 1 h × 3 and then block it with 5% bovine serum albumin by shaking at 60 rpm at 37°C for 12 h to 1 week. Then, incubate the sample with primary antibodies (diluted in 5% BSA). In this study, three primary antibodies, namely GFAP (Abcam, ab53554, diluted 1:500), were used to label astrocytes. Iba1 (Wako, 019-19741, diluted 1:500) was used to label microglia. TH (Abcam, ab6211, diluted 1:1,000) was used to label dopaminergic neurons. The membranes were incubated with primary antibody for 24 h at 60 rpm and 37°C. For double staining, two types of non-homologous antibodies were incubated simultaneously. After incubating the primary antibodies, wash the sample with PBS for 1 h × 3, then apply the corresponding secondary antibody to the sample under the same conditions as before. After the secondary antibody incubation is complete, wash the sample again for 1 h × 3 with PBS. After the IFS was completed, the Reagent-2 clearing step was performed.




2.6 Statistical analysis

Data are presented as mean ± standard deviation (SD). Statistical analyses were performed using SPSS version 26.0 software and graphs were created using GraphPad Prism 9.0 software. All data were subjected to a normality test and a variance homogeneity test. If the results met a normal distribution and satisfied the test for homogeneity of variance, an unpaired t-test was used for statistical analysis. When the data did not follow a normal distribution, non-parametric tests were used. P < 0.05 was considered to indicate a significant difference.




3 Results


3.1 Successful induction of a mouse PD model using 6-OHDA

To simulate clinical PD, we used 6-OHDA to induce PD in experimental mice. APO was injected intraperitoneally and the behavior of the PD model mice was assessed using a rotation test in the 3, 4, and 5 weeks after stereotactic injection of 6-OHDA. The results showed that the number of rotation circles in the 6-OHDA group was significantly greater than that in the sham group (Figure 1). There were statistical differences in the rotation test at 3 weeks (p = 0.000), 4 weeks (p = 0.000), 5 weeks (p = 0.001). This finding suggests that we have successfully established a PD model using 6-OHDA.


[image: Panel A shows an experimental setup with a rat undergoing a procedure with two conditions: Sham and 6-OHDA. After the procedure, the rats are processed using CUBIC and SHIELD methods. Panel B depicts a black rat on a light surface. Panel C presents bar graphs showing significantly increased rotations in 6-OHDA-treated rats compared to Sham over three, four, and five weeks, with statistical significance indicated by asterisks.]

FIGURE 1
PD model construction process and behavioral assessment. (A) Schematic representation of the 6-OHDA-induced PD mouse model. (Created with BioRender.com). (B) APO-induced deflection experiment in PD mice to the opposite side of the lesion. (C) The results of the rotation test 3, 4, and 5 weeks after successful implementation of the PD model (***p < 0.001, n = 16).




3.2 Multichannel labeling of mouse PD brain sections and optical imaging

To investigate the pathological features of PD, we first used CUBIC combined with immunofluorescence staining to acquire data from thick coronal brain tissue sections of a PD mouse model. The process of CUBIC tissue clearing and staining is shown in Figure 2.


[image: Flow chart illustrating the CUBIC process shows a brain sample undergoing various steps with reagents and antibodies before imaging. Below the chart are images B to G displaying brain tissue in different stages of treatment, showcasing changes in appearance through the CUBIC process.]

FIGURE 2
Physical representation of the CUBIC tissue clearing process. (A) Process and schematic diagram of CUBIC tissue cleaning. (Created with BioRender.com). (B) Thick brain tissue slices (1,000 μm) SN and CPU regions. (C) Brain tissue slices treated with Reagent-1. (D) Thick slices before primary antibody incubation. (E) Tissue slices incubated with primary antibodies. (F) Brain slices incubated with secondary antibodies. (G) Brain tissue slices treated with Reagent-2.




3.3 TH and GFAP staining and optical imaging of the whole-brain of PD mice from a 3D spatial perspective

To demonstrate the panoramic pathology of the PD brain in more detail and comprehensively, in this study, the whole-brain of PD mice was made transparent using the SHIELD tissue clearing technique combined with immunofluorescence staining for TH and GFAP labeling. The histopathological morphology of the brain of PD mice was observed from an overall macroscopic perspective (Figure 3). Compared with the Sham group, the TH fluorescence intensity in the SN + VTA area and CPu area on the ipsilateral side of injection was significantly reduced in the 6-OHDA group, whereas there was no significant change on the contralateral side (Figure 4). Furthermore, the 6-OHDA group also had significantly fewer TH-positive fibers on the same side as the sham group.


[image: Fluorescent microscopy images showing mouse brains in axial, sagittal, and magnified views. Panel A displays green fluorescence for TH in Sham and 6-OHDA conditions. Panel B shows cyan fluorescence for GFAP under the same conditions. Each row compares Sham and 6-OHDA treatments, highlighting differences in regional fluorescence intensity and distribution. Scale bars indicate size references for each view.]

FIGURE 3
Whole-brain tissue clearing in PD mice. (A) 3D optical images of whole mouse brains from the Sham group and the 6-OHDA group after SHIELD tissue clearing and TH staining. (B) 3D optical images of whole mouse brains from the Sham group and the 6-OHDA group after SHIELD tissue clearing and GFAP fluorescent labeling.



[image: Fluorescent microscopy images show brain tissue sections comparing Sham and 6-OHDA treatments. Panel A highlights the dorsal striatum in both treatments, using red for tyrosine hydroxylase (TH), blue for glial fibrillary acidic protein (GFAP), and green for fluorescein isothiocyanate (FITC). Panel B provides a detailed view of the entire brain section post-treatment. Scale is provided at 1000 micrometers.]

FIGURE 4
Optical imaging of the SN + VTA region in brain sections from PD mice using the CUBIC tissue clearing technique. (A) TH, GFAP and FITC fluorescent labeling in the SN + VTA region of the sham group and 6-OHDA group. (B) TH, GFAP and FITC fluorescent labeling in coronal sections.




3.4 3D optical imaging and cell counting of dopaminergic neurons and astrocytes in the SN + VTA area of PD mice

To more closely observe the morphology and number of dopaminergic neurons in the SN + VTA area of the brain of PD mice, we used the CUBIC technique to visualize the PD brain tissue and marked and observed the SN + VTA area from a microscopic perspective in a 3D view. The results showed that in the SN + VTA area of PD mice, compared with those on the contralateral side, the number of dopaminergic neurons on the ipsilateral side was significantly lower (p = 0.042) and the number of astrocytes was significantly higher in the 6-OHDA-injected group (p = 0.001) (Figure 5).


[image: Panel A displays 3D images of brain sections labeled with TH (red) and GFAP (blue), comparing ipsilateral and contralateral sides. Panel B shows 3D scatter plots with red dots representing TH-positive neurons. Panel C presents higher magnification images focusing on TH and GFAP on both sides. Panels D and E contain box plots showing the number of TH and GFAP-positive neurons post-PD, with statistical significance indicated.]

FIGURE 5
3D optical imaging of dopaminergic neurons and astrocytes in the bilateral SN + VTA region of PD mice. (A) Multiangle 3D optical imaging of dopaminergic neurons and astrocytes in the bilateral SN + VTA region of PD mice. (B) Reconstruction of dopaminergic neurons. (C) Cell count statistics of dopaminergic neurons and astrocytes at high magnification (per volume). (D) Cell count statistics of dopaminergic neurons (*p < 0.05, n = 4). (E) Cell count statistics of astrocytes (**p < 0.01, n = 4).




3.5 Optical imaging and 3D reconstruction of the spatial structural relationships of blood vessels and astrocytes in the SN of PD mice

To examine the changes in the neurovascular unit (NVU) in the SN area of PD mice, we labeled and optically imaged blood vessels and astrocytes in the SN area. According to the 3D spatial view, compared with those in the Sham group, the number of astrocytes around the blood vessels was larger and the cell body became thicker in the 6-OHDA group, but the contact area of the end feet with the blood vessels was reduced (Figure 6).


[image: 3D fluorescence microscopy images comparing FITC and GFAP markers in brain tissue. Panel A shows "Sham" and "6-OHDA" treatments with green and blue labeling. Panel B presents similar samples with green and red labeling. Different magnifications are indicated, with scale bars ranging from 40 to 70 micrometers.]

FIGURE 6
3D spatial relationship between blood vessels and astrocytes in the SN region of PD mice. (A) Spatial relationship between blood vessels and astrocytes in the SN region of the sham group and the 6-OHDA group. (B) 3D reconstruction of the spatial relationships between blood vessels and astrocytes in the SN region in the sham group and the 6-OHDA group.




3.6 3D imaging of dopaminergic neurons, glial cells and blood vessels in the SN region of PD mice

In addition to blood vessels and astrocytes, the interconnectivity of glial cells, dopaminergic neurons, and blood vessels within the SN region as well as changes in their spatial positional relationships may underlie the structural basis of PD pathogenesis. To reveal their spatial relationships with each other, we also stained and labeled TH, GFAP, Iba1, and FITC and optically imaged and reconstructed them in 3D. We captured high-resolution images of dopaminergic neurons with adjacent blood vessels in the pathological state of PD after 3D rendering, as well as images of connections between astrocytes and dopaminergic neurons as well as microglia and their spatial relationships in the SN region in the pathological state of PD (Figure 7).


[image: Scientific illustration consisting of nine panels showing 3D visualizations of fluorescently labeled cells. Panel A shows FITC and TH markers in red and green. Panel B displays GFAP and TH markers in blue and red. Panel C highlights GFAP and Iba1 markers in blue and pink. Each image shows neural structures in various layers and angles with scale references ranging from twenty to fifty micrometers.]

FIGURE 7
Spatial relationships between blood vessels, dopaminergic neurons, astrocytes and microglia in the SN region of PD mice. (A) Spatial relationship and 3D reconstruction between blood vessels and dopaminergic neurons in the SN region of PD mice. (B) Spatial relationship and 3D reconstruction between astrocytes and dopaminergic neurons in the SN region of PD mice. (C) Spatial relationship and 3D reconstruction between astrocytes and microglia in the SN region of PD mice.





4 Discussion

Parkinson’s disease (PD) is a common neurodegenerative disease with complex pathogenic mechanisms. The central nervous system (CNS) consists of complex communication networks between cells that play a role in regulating movement, sensation, cognition and emotions (Zaman et al., 2021; Friston, 2011; Tripathi and Deogaonkar, 2020). In PD patients, changes in the structural basis of neuronal networks, including neurons, glial cells, and blood vessels, can lead to disruptions in intercellular communication and functional impairments.

Traditional pathological methods such as immunohistochemistry are widely used in PD research. Although these methods provide important morphological evidence for PD, such as dopaminergic neuron damage, they have limitations due to the thickness of the cuts. A single section cannot fully represent the changes in dopaminergic neurons in the substantia nigra and striatum in PD patients. This technique allows observation of morphological changes only from a specific perspective, without providing insights into the three-dimensional structural changes of neurons and their surrounding cells and tissues. Therefore, it is challenging to explore the underlying mechanisms and investigate changes in structure, information transmission and material transport within the neural network. With the advancement of scientific research and the continuous innovation of imaging techniques, three-dimensional imaging has become more and more suitable for studying disease mechanisms, which was previously limited to two-dimensional visualization. In recent years there have been breakthroughs in three-dimensional imaging techniques that combine high resolution with spatial structure, such as tissue clearing techniques. The emergence of tissue clearing techniques has ushered in a new era of research, allowing the observation of diverse systems, from the cellular level during embryonic development to neural circuits in the human brain (Hägerling et al., 2013; Tomer et al., 2011; Dodt et al., 2007). The complexity and heterogeneity of the nervous system have contributed to the slow progress of related research, and the emergence and development of neurodegenerative diseases affect different cell types, complicated neuronal circuits and signaling pathways. Compared to two-dimensional sections, three-dimensional imaging combined with clear tissue techniques can help reduce the difficulty and complexity of studying neurodegenerative diseases (Keller and Ahrens, 2015). In this study, we selected the relatively simple and user-friendly SHIELD and CUBIC methods from various tissue clearing techniques and applied them to PD mouse models induced by 6-OHDA. With this method, we wanted to gain a deeper understanding of the relevant pathological manifestations and structural changes from a new perspective.

We first validated the effectiveness of the model through behavioral testing, which is consistent with previous research (Lian et al., 2021). Based on the successful establishment of the PD model, we performed transparency treatment on thick brain sections by CUBIC and combined it with multichannel staining to observe the SN + VTA region from a two-dimensional perspective. We found a significant decrease in the number of dopaminergic neurons on the side injected with 6-OHDA. This approach demonstrates divergence from general two-dimensional histopathological staining techniques, such as immunofluorescence and immunohistochemistry. Traditional staining methods are limited by the inability of antibodies to penetrate deep into thick tissue, resulting in incomplete labeling of deep tissues. Therefore, traditional staining methods are more effective for thin slices. However, after making thick brain slices transparent with CUBIC and labeling them with antibodies, we can provide a more comprehensive and realistic visualization of the pathological changes in PD. In addition, based on the thick brain sections, we also performed transparency treatment on the whole mouse brain to observe the panoramic pathological morphology of PD from a three-dimensional perspective. This expands the visualization of PD research from two-dimensional to three-dimensional. Roostalu et al. (2019) performed whole mouse brain transparency in an MPTP-induced PD model, resulting in a three-dimensional visualization of the whole-brain pathology of PD. However, they only employed TH to label dopaminergic neurons and TH-positive nerve fibers and did not stain or label glial cells other than dopaminergic neurons (such as astrocytes and microglia in whole-brain), or blood vessels, particularly within key regions like the VTA and SNpc. In this study, in addition to TH, we also stained and labeled astrocytes, revealing the pathology of dopaminergic neurons and astrocytes throughout the brain in the PD state. Although our method of creating the PD model is different from theirs, it lays a visual foundation for uncovering deeper mechanisms of PD.

Furthermore, the blood vessels of the brain are a three-dimensional, anatomically and histologically heterogeneous network that transports nutrients, oxygen, metabolic wastes, signaling molecules, and drugs (Miyawaki et al., 2020). Previous studies have shown damage to the NVU and disruption of the blood-brain barrier in PD patients (Paul and Elabi, 2022). Officially introduced in 2001, the NVU concept emphasizes the close developmental, structural and functional connection between brain cells and the microvasculature and their coordinated response to injury (Iadecola, 2017). However, there is currently no research that visualizes the spatial relationship between blood vessels and neurons and glial cells in the brain in the pathological state of PD. Given the important role of damage to NVU in disease development, we labeled dopaminergic neurons, astrocytes, and blood vessels and imaged and observed brain tissue sections from a two-dimensional perspective. In addition to the macroscopic two-dimensional perspective, this study also carried out three-dimensional imaging and observation of the spatial relationships between blood vessels and astrocytes, between blood vessels and dopaminergic neurons, between astrocytes and dopaminergic neurons, and between astrocytes and microglia at the microscopic level. This is the first time that tissue clearing techniques have been applied to image and visualize blood vessels, neurons and astrocytes in the pathological state of PD in both two-dimensional and three-dimensional forms. This data set is still largely missing from the relevant literature.

In addition, this study also performed a 3D statistical analysis of TH-positive cells in the SN + VTA region of PD model mice. Our results are similar to those of Roostalu et al. (2019), although different PD model induction methods were used. However, our study achieved higher resolution and provided a clearer and more detailed representation of the dopaminergic neurons in the SN + VTA region in PD model mice.

Although tissue clearing techniques and optical imaging technologies have advanced rapidly and many scientists have developed various methods for tissue clearing, their applications in neurodegenerative diseases, including PD, are still limited. Gail Canter et al. (2019) used the SWITCH tissue clearing technique to image the spatial and temporal distribution of Aβ in the brain of 5XFAD (AD) mice, which is not possible with traditional two-dimensional tissue sections. In this study, we used the SHIELD tissue clearing technique to determine the spatial distribution of TH throughout the brain of PD model mice. Furthermore, since its development, CUBIC has been known for its imaging effectiveness and resolution from whole organ cell profiling to subcellular structures such as synapses and dendrites (Matsumoto et al., 2019). We used this method to transparentize and observe dopaminergic neurons, astrocytes, and microglia in the SN + VTA region of PD model mice by obtaining three-dimensional structural images at single-cell resolution. This creates a visual basis for depicting abnormal neural networks and neural circuits in PD patients. These results suggest that tissue clearing techniques have significant potential applications in studying the mechanisms of neurodegenerative diseases. Since abnormal neural network structures cannot be directly observed in the onset of diseases such as PD using traditional staining methods, the above transparency methods can transform abnormal neural networks from invisible to visible, providing new perspectives for revealing the underlying mechanisms of neurodegenerative diseases.

However, there are some potential limitations to this study that should be noted. First, the sample size in this study was relatively small, and future studies should increase the sample size to improve the level of evidence. Second, due to the limitations of optical technology, although clear images of the whole-brain were obtained, high-resolution images at the single-cell level were not obtained. Therefore, observations and analyses of individual cells were not performed. In addition, all of our samples were processed under the same conditions, and the spontaneous fluorescence of different samples may not be consistent. Although we have tried to minimize the differences between both as low as possible, we are still unable to completely eliminate vascular autofluorescence.



5 Conclusion

This study obtained neural networks in multiple brain regions through the transparency of the entire mouse brain, allowing observations and research in 2D and 3D dimensions of multiple brain regions. This study also provided detailed descriptions of the composition and spatial positioning of NVU as well as the spatial relationships between glial cells at both macroscopic and microscopic levels. This lays the foundation for the creation of a whole-brain pathological map and a whole-brain molecular pathological map of PD. In addition, this study creates a basis for research into unknown neural circuits and their visualization.
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Background: This study aimed to investigate the relationship between the Composite Dietary Antioxidant Index (CDAI) and the prevalence of Parkinson’s disease (PD), as well as to explore its relationship with all-cause mortality risk in PD patients.
Methods: Data from the National Health and Nutrition Examination Survey (NHANES) database spanning from 2007 to 2018 were used, including 119,609 participants. After excluding individuals aged <18 years, those with incomplete follow-up data, and those missing critical variables such as CDAI and covariates, the final cohort consisted of 34,133 participants. Participants were categorized into a PD group (510 individuals) and a non-PD group (33,623 individuals). The CDAI values were calculated, and participants were divided into three groups based on the tertile distribution of their CDAI scores: Q1 (CDAI < −1.07), Q2 (−1.07 to 1.74), and Q3 (CDAI >1.74). Weighted logistic regression and weighted Cox regression analyses were employed to evaluate the associations between CDAI and the prevalence of PD, as well as between CDAI and all-cause mortality risk. Restricted cubic spline regression analysis was used to further elucidate the precise relationship between CDAI and outcome events.
Results: CDAI values were significantly lower in the PD group compared to the non-PD group. After adjusting for age, sex, comorbid conditions (hypertension and diabetes), blood lipid and glucose levels, a reduction in CDAI was associated with an increased risk of PD (Q3 vs. Q1, OR = 0.72, p = 0.035). In patients with PD, a decrease in CDAI was significantly associated with a higher risk of all-cause mortality (Q3 vs. Q1, HR = 0.53, p = 0.018). This association was particularly pronounced in those over 60 years old, smokers, and those with hypertension. Restricted cubic spline regression analysis identified CDAI <0.471 as a risk factor for PD, and CDAI <0.527 as a risk factor for all-cause mortality in PD patients.
Conclusion: CDAI reduction is an independent risk factor for both PD risk in the general population and all-cause mortality in PD patients, with amplified predictive power in older adults, smokers, and hypertensive individuals. Our findings support developing personalized antioxidant-enhancing nutritional interventions for both high-risk populations with suboptimal CDAI and established PD patients.
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1 Introduction

Parkinson’s disease (PD), the second most frequent neurodegenerative disorder after Alzheimer’s disease, has experienced a significant rise in global prevalence over recent decades (Zhu et al., 2024). Epidemiological data reveals an alarming 273.76% surge in PD cases between 1990 and 2021, escalating from 3.15 to 11.77 million cases globally, further projection models forecast a 1.5-fold increase in PD prevalence by 2035, potentially affecting over 17.27 million individuals worldwide (Luo Y. et al., 2024). PD presents a broad spectrum of symptoms, encompassing both motor symptoms such as tremors, rigidity, bradykinesia and non-motor symptoms such as cognitive impairment, depression and sleep disorders (Bloem et al., 2021). At present, no therapy is available that can halt the progression of PD. The progressive deterioration of PD symptoms, coupled with the side effects of treatment drugs, significantly impact the quality of life for individuals with PD, imposing substantial stress and socioeconomic burdens on both families and society. The annual economic burden of PD in the United States alone exceeds $51.9 billion in 2017, further projected total economic burden surpassing $79 billion by 2037 (Yang et al., 2020). Therefore, interventions to reduce PD incidence, delay disease progression, and alleviate symptom burden are of vital importance.

The pathological characteristic of PD is progressive loss of dopamine-producing neurons in the substantia nigra pars compacta (SNc) of midbrain, accompanied by the aggregation of α-synuclein and the formation of Lewy bodies in the remaining dopaminergic neurons (Zeng et al., 2018). Recent studies have identified oxidative stress as a critical role in the pathogenesis of PD (Salaramoli et al., 2023), contributing to neuronal death through various mechanisms, including mitochondrial dysfunction, dopamine metabolism, neuroinflammation, and impaired antioxidant defenses. Diet and oxidative stress are closely interconnected; daily diets can be categorized into antioxidant-rich diets (e.g., fruits, vegetables, nuts, seeds, whole grains) and pro-oxidative diets (e.g., processed foods, red meats, sugar) based on their effects on oxidative stress. Dietary patterns with a high intake of fruit, vegetables, legumes, whole grains, nuts, fish, and poultry and a low intake of saturated fat were inversely associated with PD risk (Gao et al., 2007; Chromiec et al., 2021; Zhang et al., 2022; Xu et al., 2023), whereas higher consumption of large amounts of saturated fat has been linked to an increased risk of PD (Hantikainen et al., 2022; Xu et al., 2023). However, some other studies have not clearly established a role for dietetic consumption of prooxidants and antioxidant in PD risk (Jimenez-Jimenez et al., 1999; Erro et al., 2018). The discrepancies among these studies stem from variations in methods for calculating dietary oxidative/antioxidant capacity and differences in the populations studied. Therefore, new methodologies for calculating dietary antioxidant capacity, along with large-scale population follow-up studies, are necessary to further elucidate the role of antioxidant-rich foods in PD.

The Comprehensive Dietary Antioxidant Index (CDAI) is a validated composite tool designed to assess the overall antioxidant capacity of an individual’s diet. Unlike simpler measures that evaluate only a few specific antioxidants or foods, the CDAI incorporates six dietary antioxidants-vitamins A, C, and E, carotenoids, selenium, and zinc-providing a more comprehensive assessment of dietary antioxidant intake (Zhou T. et al., 2024). Previous studies have shown that CDAI is associated with various health outcomes including olfactory dysfunction (Zhou T. et al., 2024), diabetic retinopathy (Qiao et al., 2024), carotid intima-media thickness in coronary heart disease (Rivas-Garcia et al., 2024), and colorectal cancer (Yu et al., 2022).

However, no studies have examined the relationship between CDAI and the risk of PD. Consequently, this study investigates the association between CDAI and the risk of PD and all-cause mortality in PD patients, as well as the influence of different population characteristics on the all-cause mortality in PD patients in the 2007–2018 NHANES database. We aim to provide a nutritional basis for the prevention and intervention of PD.



2 Materials and methods


2.1 Study population design

NHANES, an ongoing nationwide study, is designed to assess the dietary habits and physical health of adults and children across the United States. This study utilized data from 119,609 U.S. respondents obtained from the NHANES database1 spanning the years 2007 to 2018. Initially, 26,411 participants under the age of 18 were excluded due to their lack of follow-up data and incomplete information on several critical variables. Subsequently, 163 individuals without survival follow-up data and 3,513 individuals lacking core study outcome data for CDAI were excluded. Additionally, 55,389 individuals with incomplete covariate information were removed from the analysis. Finally, based on the screening criteria for PD, the remaining participants were categorized into two groups: 33,623 non-PD participants and 510 PD patients. A visual representation of the participant selection process is provided in Figure 1.

[image: Flowchart of the National Health and Nutrition Examination Survey participant selection from 2007 to 2018. Starting with 119,609 participants, exclusions include those under 18 years, missing follow-up data, unavailable CDAI data, and missing variable information. Final participants included 34,133 with 510 having Parkinson's disease and 33,623 without.]

FIGURE 1
 Flowchart of the participants’ selection from NHANES 2007–2018.




2.2 Exposure variable: comprehensive dietary antioxidant index (CDAI)

During the NHANES survey follow-up, participants’ intake of various nutrients and energy was comprehensively analyzed using two 24-h dietary recalls. Additionally, information on dietary supplements consumed during the same 24-h periods was also collected.

In this study, the raw measurement for each nutrient was obtained by summing two 24-h dietary intakes and dietary supplements. The averages of the two 24-h dietary intakes and the average of the two 24-h dietary supplement intakes were calculated separately, and then combined to obtain the measurement. It is important to note that, in the NHANES database (2007–2018), information on vitamin A and vitamin E from dietary supplements was not recorded. Therefore, raw measurements for vitamin A and vitamin E were based solely on dietary intake. For the remaining four nutrients, the raw measurements were calculated by the sum of dietary intake and additional dietary supplement intake.

The CDAI was calculated as according to the method described by Zhou T. et al. (2024), generally, standardized values for six dietary antioxidants (vitamins A, C, and E, carotenoids, selenium, and zinc) were derived by subtracting the mean and dividing by the standard deviation. The final CDAI score was then obtained by summing these standardized values (Zhou T. et al., 2024).

[image: Mathematical formula for CDAI: the sum from i equals one to six of the fraction Xi minus μi over Si.]

In this formula, [image: Mathematical notation representing "X" with a subscript "i".] represents the raw measurement for each nutrient, [image: Greek letter mu with a dot above it.] denotes the mean of the raw measurements for all participants for that nutrient, and [image: Text "Si" in a serif font style.] represents the standard deviation of the raw measurements for all participants for that nutrient.



2.3 Covariates

Age, gender, race, education level, and the ratio of family income to poverty (PIR) were obtained from demographic data, whereas body mass index (BMI), systolic blood pressure, and diastolic blood pressure were derived from physical examination measurements. Smoking history, alcohol consumption, history of hypertension and diabetes, as well as medication use, were all obtained from questionnaire data. Serum albumin, serum creatinine, alanine transaminase (ALT), aspartate transaminase (AST), triglycerides (TG), total cholesterol (TC), glycohemoglobin (GHB), and fasting blood glucose were measured according to standardized procedures.

Hypertension was defined by meeting any of the following criteria (Georgianos and Agarwal, 2016): (a) self-reported diagnosis of hypertension by a physician; (b) current use antihypertensive medication; or (c) three consecutive measurements of systolic blood pressure (SBP) > 140 mmHg and/or diastolic blood pressure (DBP) > 90 mmHg on three different days. Diabetes was defined by meeting any of the following criteria (Genuth et al., 2018): (a) a previous diagnosis of diabetes by a healthcare professional or current use oral antidiabetic medications or insulin; (b) fasting blood glucose (FBG) ≥ 7.0 mmol/L or glycated hemoglobin (HbA1C) ≥ 6.5%.



2.4 Determination of PD

The diagnosis of PD was based on the prescription of one or more medications specifically PD used for its treatment. In the NHANES database, the use of certain medications is assessed through survey responses. Due to limitations in data collection, not all medication used to treat PD can be included. Consequently, the NHANES database, includes only a subset of these medications, such as Carbidopa, Entacapone, Levodopa, Amantadine, Pramipexole, and Bromocriptine (Ke et al., 2024; Zhou X. et al., 2024). Individuals were classified as having PD only if they report using one or more of these specified medications; otherwise, they were categorized as non-PD participants.



2.5 Follow-up and outcome assessment

PD prevalence and all-cause mortality were the primary outcome measures. The participants’ vital status was verified by consulting the National Death Index (NDI).2 In the NHANES database, follow-up data were recorded monthly. The follow-up information included survival status at the time of follow-up, survival time, cause of death, and other relevant details. Causes of death were categorized into several broad categories, including: traffic accidents, heart disease, cerebrovascular accidents, pneumonia and influenza, nephritis, kidney disease and nephrotic syndrome, malignant neoplasms, chronic respiratory diseases, diabetes mellitus, and other causes. All-cause mortality referred to death from any cause that occurred during the follow-up period.



2.6 Statistical analysis

Data analysis was performed using R (version 4.1.1), adhering to the NHANES database’s complex, multi-stage, and multi-stratified sampling design by incorporating the recommended weighting variables from the data provider. The “gtsummary” package in R was employed for weighted statistical analysis. Continuous variables were initially tested for normality, which revealed deviations from a normal distribution. Consequently, non-normally distributed variables were reported using the median and the 25th and 75th percentiles, and statistical comparisons were performed using the Wilcoxon test. Categorical variables were expressed as frequencies and proportions, with statistical analyses performed using the chi-square test.

To analyze the relationship between CDAI exposure and the prevalence of PD, we employed weighted logistic regression and constructed three models by adjusting for various variables. The odds ratio (OR) was used to determine whether CDAI exposure is a risk factor, with OR < 1 indicating a protective factor and OR > 1 indicating a risk factor. After establishing the relationship between CDAI exposure and PD prevalence, we selected the PD cohort and further investigated the association between CDAI exposure and all-cause mortality using a weighted multivariate Cox regression model. The hazard ratio (HR) was utilized to assess the relationship between CDAI exposure and mortality outcomes, with HR < 1 indicating a protective factor and HR > 1 indicating a risk factor. In the multivariate weighted Cox regression analysis, three models were applied to account for potential confounding effects. Subsequently, subgroup analyses were conducted to examine whether the relationship between CDAI exposure and all-cause mortality persists across different subgroups within the PD population, such as those aged over 60, those with hypertension or diabetes, and individuals who smoke or consume alcohol. Interaction analyses were performed to determine if CDAI acts as an independent influencing factor.

Finally, we performed a quantification analysis of CDAI exposure and outcome events using restricted cubic spline (RCS) analysis. RCS curves were used to identify specific levels of CDAI exposure associated with adverse effects on the outcome events. This approach facilitates a detailed understanding of how varying levels of CDAI exposure influence the risk of adverse outcomes. In statistical analysis, a p < 0.05 is generally considered indicative a statistically significant difference.




3 Results


3.1 Characteristics of the study population

This cohort study initially included 34,133 participants, of whom 510 were diagnosed with PD, representing a weighted proportion of 1.4%. Among the participants, 16,054 were male, accounting for a weighted proportion of 45%. Based on the screening criteria for PD, participants were categorized into PD and non-PD groups. Statistically significant differences were observed between the two groups in terms of age, gender, education level, family poverty index (PIR), and smoking status. Additionally, laboratory tests revealed statistically significant differences between the two groups in blood creatinine, albumin (ALB), alanine aminotransferase (ALT), total bilirubin, triglycerides, total cholesterol, and fasting blood glucose levels.

Compared to individuals without PD, those with PD tended to be older, had lower family income levels, and lower educational attainment, but are more likely to engage in smoking. In contrast, individuals without PD tend to have lower levels of blood creatinine, triglycerides, total cholesterol, and fasting blood glucose. Interestingly, CDAI levels were significantly higher in the non-PD group compared to the PD group, suggesting that CDAI might serve as a protective factor (Table 1).



TABLE 1 Basic demographic information of the research subjects.
[image: A table comparing characteristics between overall, non-Parkinson's disease (Non-PD), and Parkinson's disease (PD) groups. It includes variables such as age, gender, race, education, lifestyle factors, and various health metrics with corresponding values and P-values highlighted for significant differences.]



3.2 CDAI exposure as an independent protective factor for PD risk

To clarify the association between CDAI exposure and the prevalence of PD, we conducted multivariate weighted logistic regression analysis to calculate the odds ratios (OR) and their 95% confidence intervals (Table 2). In the logistic regression analysis, the continuous CDAI variable was divided into three groups based on its tertiles: Q1 (<−1.07), Q2 (−1.07 to 1.74), Q3 (>1.74).



TABLE 2 Multivariate weighted logistic regression analysis of the association between CDAI exposure and the prevalence of PD.
[image: Table comparing odds ratios (OR) and 95% confidence intervals (CI) for three models across CDAI groups Q1 to Q3. Model 1 shows values for Q2 and Q3 with statistically significant p-values. Model 2 and Model 3 adjust for confounders; all Q2 and Q3 groups have significant p-values. Significance indicated by asterisks where p < 0.05.]

In Model 1, no adjustments were made for confounding factors. In Model 2, we adjusted for age, gender, hypertension, and diabetes status. Model 3 included additional adjustments for Fasting blood glucose levels, ALT, Creatine, Triglyceride and total cholesterol. Multivariate weighted logistic regression analysis indicated that higher levels of CDAI exposure were associated with a reduced risk of developing PD. Compared to the first tertile of CDAI levels, the odds ratio for PD prevalence in the third tertiles (Q3 vs. Q1) was reduced by approximately 31%. After adjusting for various confounding variables, this relationship remained significant in both Models 2 and 3.



3.3 Negative correlation between CDAI exposure levels and all-cause mortality in PD patients

To determine whether CDAI continues to serve as a protective factor for individuals already diagnosed with PD, we conducted a survival analysis using a weighted Cox regression model. Similar to the logistic regression analysis, continuous CDAI values were categorized into groups based on their tertiles for the Cox regression analysis (Table 3).



TABLE 3 Multivariate weighted cox regression analysis of CDAI and All-cause mortality in PD patients.
[image: Table comparing three models (4, 5, 6) with CDAI groups Q1 to Q3. Data includes HR, 95% CI, and p-values. Key HR and CI data: Model 4 Q2 HR 0.56 (0.37, 0.85), Model 5 Q2 HR 0.58 (0.35, 0.93), Q3 HR 0.54 (0.32, 0.90), Model 6 Q2 HR 0.56 (0.35, 0.89), Q3 HR 0.53 (0.31, 0.90). Statistically significant p-values noted in bold.]

In Model 4, no adjustments were made for any variables. Model 5 included adjustments for age, gender, hypertension, and diabetes status. In Model 6, further adjustments were made for fasting blood glucose, triglycerides, total cholesterol, BMI, and ALT. In individuals already diagnosed with PD, CDAI levels were negatively correlated with all-cause mortality, indicating that higher CDAI levels are associated with a reduced risk of all-cause mortality in this population. This conclusion is supported by the following fact: In Table 3, the hazard ratio (HR) for all-cause mortality in the third tertile of CDAI is approximately 36% lower compared to the first tertile (Q3 vs. Q1). In Model 6, the HR was even 47% lower in the third tertile of CDAI compared to the first tertile, further indicating that higher levels of CDAI exposure may protect PD patients from all-cause mortality.



3.4 Subgroup analysis and interaction analysis

After establishing CDAI as a protective factor, we sought to determine whether this protective effect persists across different subgroups and whether it remains an independent factor. To address these questions, we conducted subgroup and interaction analyses (Figure 2).

[image: Forest plot shows hazard ratios (HR) with 95% confidence intervals for various subgroups: age, gender, hypertension, diabetes, smoking, and drinking. Significant p-values under age (≥60 years, p = 0.038) and smoking (yes, p = 0.013) indicate stronger associations. P-values for interaction range from 0.213 to 0.998.]

FIGURE 2
 Effect size of CDAI on the presence of PD in the age, gender, hypertension, diabetes and drinking subgroup.


In the PD cohort, we categorized individuals into two groups based on age (age ≥ 60 years and age < 60 years). We also included subgroups based on gender, hypertension status, diabetes status, smoking status, and alcohol consumption. The results of the subgroup analysis indicated that in individuals already diagnosed with PD, the protective effect of CDAI is more pronounced in those aged over 60, or those with hypertension or smoke. However, no significant differences were found between CDAI exposure and all-cause mortality in the subgroups with diabetes, alcohol consumption, or across different genders. This lack of distinction may be due to confounding factors affecting these subgroups, which could have introduced errors into the analysis. The interaction analysis showed that CDAI exposure was an independent factor influencing all-cause mortality, unaffected by age, gender, the presence of underlying conditions, or tobacco and alcohol use.



3.5 Quantitative analysis of CDAI exposure levels and outcomes: restricted cubic spline regression analysis

Finally, we conducted a restricted cubic spline regression analysis to identify the specific levels of CDAI exposure levels associated with adverse outcomes (Figure 3).

[image: Graph (A) shows a restricted cubic spline illustrating the relationship between CDAI and the risk of PD, with a nonlinear p-value of less than 0.0001. The curve dips below an odds ratio (OR) of 1.0, suggesting a decrease in risk, and then rises again. Graph (B) presents a similar spline between CDAI and all-cause mortality in PD patients, with a nonlinear p-value of 0.0578. The hazard ratio (HR) follows a comparable pattern. Both graphs feature a violet shaded 95% confidence interval band and a dotted baseline at CDAI = 0.471 and 0.527, respectively.]

FIGURE 3
 Restricted cubic spline regression analysis between CDAI and the risk of PD (A) and all-cause mortality in PD patients (B).


First, we performed a nonlinear test to clarify the quantitative relationship between CDAI and the odds ratios (OR) or hazard ratios (HR). We found that CDAI exhibited a nonlinear relationship (non-linear p < 0.0001) with odds ratios (OR), but a linear relationship (non-linear p = 0.0578) with hazard ratios (HR). In Figure 3A, the odds ratio (OR) equals 1 at a CDAI value of 0.471. For CDAI values below 0.471, the OR decreases nonlinearly as CDAI levels rise, demonstrating a nonlinear reduction in the odds of the outcome with increasing CDAI levels. However, when CDAI exceeded 0.471, the OR initially decreased with increasing CDAI levels, but subsequently begins to rise, eventually surpassing 1. As CDAI continues to increase, the 95% CI for OR spans both values >1 and <1, indicating a lack of statistical significance. Therefore, we concluded that CDAI values <0.471 represent an independent risk factor for PD, while increases in CDAI within a certain range reduce the risk of developing PD.

Similar findings were observed in the Cox regression analysis. Specifically, we found that CDAI values below 0.527 are associated with an increased risk of all-cause mortality in the PD population. The quantitative analysis results indicated that maintaining CDAI levels above a certain threshold is beneficial for reducing the prevalence of PD and all-cause mortality. This suggests that increasing the intake of antioxidant-rich elements through diet or supplements could benefit the population.




4 Discussion

In this cross-sectional study, using data from the 2007–2018 NHANES involving 34,133 US participants, we found that participants in the middle and highest CDAI score tertiles exhibited a significantly lower risk (approximately 30%) of developing PD compared to those in the lowest CDAI tertile, even after adjusting for multiple confounders. Additionally, we observed a nonlinear relationship between CDAI and PD prevalence, with a calculated turning point at 0.471. Furthermore, within the PD cohort, CDAI remains a protective factor. Specifically, a CDAI value below 0.527 significantly heightens the risk of all-cause mortality. This effect is particularly pronounced among individuals over the age of 60, smokers, or those with comorbid hypertension. These findings suggest that lower CDAI level is an independent risk factor for both PD development in the general population and all-cause mortality in PD patients (cutoffs: <0.471 for PD risk; <0.527 for mortality).

Oxidative stress is a pivotal factor in the pathogenesis of PD (Imbriani et al., 2022). In the context of PD, there is a marked increase in reactive oxygen species (ROS) and reactive nitrogen species (RNS) levels (Trist et al., 2019). These free radicals exert detrimental effects by targeting cellular components, including lipids, proteins, and DNA, which leads to cellular damage and apoptosis (Raza et al., 2019; Dong-Chen et al., 2023). Of particular significance is the impact of oxidative stress on dopaminergic neurons, where it contributes substantially to the progression of the disease. The resultant oxidative damage to these critical neurons is a central element driving the advancement of PD, highlighting the importance of oxidative stress in the disease’s etiology and progression (Subramaniam and Chesselet, 2013; Cerri et al., 2019; Dong-Chen et al., 2023). Oxidative stress results in mitochondrial dysfunction, a critical pathological alteration in PD (Bose and Beal, 2016). Mitochondria, which function as the cellular energy generators, are also a primary source of free radical production. In PD, mitochondrial impairment leads to reduced ATP synthesis and exacerbates oxidative stress, further compromising dopaminergic neurons (Dauer and Przedborski, 2003; Subramaniam and Chesselet, 2013; Raza et al., 2019; Moradi Vastegani et al., 2023). The elevated production of free radicals instigates neuroinflammatory responses, with inflammatory mediators perpetuating oxidative stress and establishing a deleterious feedback loop (Rocha et al., 2018; Jankovic and Tan, 2020). This cyclical process significantly contributes to neuronal damage and eventual neurodegeneration. Moreover, in the context of PD, the functionality of the cellular antioxidant defense system, including antioxidant enzymes and scavengers, may be severely compromised (Hatziagapiou et al., 2019; Tahavvori et al., 2023). This attenuation of antioxidant capacity exacerbates oxidative stress, thereby intensifying the progression of the disease (Tchekalarova and Tzoneva, 2023).

Emerging evidence underscores a robust association between dietary patterns and PD risk and progression (Xu et al., 2023). Diets rich in antioxidants, such as the Mediterranean diet, are linked to reduced PD risk, whereas pro-inflammatory diets high in processed foods may exacerbate neurodegeneration. Diet also profoundly shapes gut microbial communities, which are increasingly recognized as mediators of PD pathogenesis (Sobral et al., 2025). PD patients exhibit distinct gut dysbiosis (reduced Prevotellaceae and increased Bifidobacterium), compared to healthy controls (Aho et al., 2019; Sobral et al., 2025). This gut-brain axis, a bidirectional conduit linking intestinal health to neurodegeneration, is mechanistically implicated in PD pathology: microbial products may trigger α-synuclein aggregates in the enteric nervous system, which propagate via the vagus nerve to the substantia nigra(Rietdijk et al., 2017), while gut-derived lipopolysaccharides (LPS) and inflammatory cytokines activate microglia, driving neuroinflammation and neuronal death(Sampson et al., 2016). These alterations correlate with gastrointestinal symptoms and α-synuclein aggregation, a hallmark of PD pathology. Collectively, these findings suggest that diet likely influences PD through synergistic mechanisms, including antioxidant-mediated neutralization of reactive oxygen species (ROS) to protect nigrostriatal neurons and gut-brain axis modulation via dietary reshaping of microbiota, which reduces endotoxin translocation and inflammatory signaling to the brain.

The CDAI has increasingly become a central focus in the field of research concerning dietary antioxidants. Its prominence reflects growing interest in understanding how comprehensive dietary patterns impact oxidative stress and overall health. Diet plays a pivotal role in modulating the body’s oxidative stress levels (Aleksandrova et al., 2021; Młynarczyk et al., 2022). Vitamin E and selenium, as critical antioxidant vitamins, possess the ability to effectively scavenge and neutralize free radicals, thereby mitigating the severity of oxidative stress (Calik et al., 2022; Jung et al., 2023; Mehvari et al., 2023; Mesalam et al., 2023). Our study revealed that levels of vitamin E and selenium were significantly lower in individuals with PD compared to the non-PD group (Table 1). Furthermore, the levels of zinc and carotenoids were significantly lower in the PD group compared to the non-PD group. Existing research underscores that zinc and carotenoids are also crucial antioxidants with significant roles in oxidative stress mitigation (Riccioni, 2009; Roehrs et al., 2017; Genç et al., 2020; Aazami et al., 2021). Although our analysis revealed no statistically significant differences in dietary intake levels of vitamin A and vitamin C between the PD group and the non-PD group, it is crucial to note that CDAI is a composite measure. In this context, reductions were observed in four other components (vitamin E, zinc, selenium, and carotenoids) within the PD cohort. This suggests that these four nutrients may play a more critical role in the prophylaxis of PD. Collectively, the markedly lower CDAI values in the PD group, compared to the non-PD group, reflect a pronounced diminishment in antioxidant defense mechanisms. This finding elucidates why a reduction in CDAI correlates with an increased risk of developing PD.

Furthermore, among individuals already afflicted with PD, a sustained decline in CDAI exacerbates the risk of all-cause mortality, especially among individuals over the age of 60, smokers, or those with comorbid hypertension. Aging itself is marked by progressive oxidative stress accumulation and declining endogenous antioxidant defenses, with a notable acceleration in biological aging processes observed around the sixth decade of life (Shen et al., 2024). Concurrently, smoking induces chronic oxidative stress via reactive oxygen species (ROS) from tobacco combustion and inflammation, while hypertension promotes endothelial dysfunction and vascular oxidative damage via angiotensin II-induced NADPH oxidase activation and ROS overproduction (Qin et al., 2024; Zhao et al., 2025). Importantly, higher CDAI levels in hypertensive populations have been linked to reduced risks of all-cause mortality, cardiovascular mortality, and cancer-related mortality (Qin et al., 2024; Zhao et al., 2025). In PD patients with hypertension, this vascular oxidative burden synergizes with neuroinflammation, further amplifying neuronal oxidative damage. Consequently, older adults, smokers, or hypertensive individuals with PD likely experience synergistic oxidative insults, making them more dependent on exogenous antioxidants from diet. A suboptimal CDAI fails to counteract this dual pathogenic burden, thereby accelerating cellular degeneration and mortality risk in these vulnerable subgroups. In the Restricted cubic spline regression analysis (Figure 3), we observed that when CDAI <0.471, the OR was >1, and the entire curve along with its 95% confidence interval (CI) was situated above the value of 1. However, as CDAI continued to increase, the 95% CI of the curve spanned both above and below 1, indicating that this portion of the curve may lack statistical significance. Therefore, we can only conclude that CDAI values <0.471serves as an independent risk factor for the occurrence of PD in the population. Research has consistently demonstrated the protective effects of the CDAI against both all-cause and cardiovascular mortality (Sheng et al., 2022; Tan et al., 2023; Luo J. et al., 2024; Peng and Fang, 2024; Zhang et al., 2024). Nevertheless, in the context of PD, the incidence of cardiovascular mortality is relatively rare, suggesting that cardiovascular death may not be a predominant cause of mortality within this cohort. To mitigate the risk of substantial bias and inaccuracies in statistical analysis due to the sparse occurrence of cardiovascular mortality events, we refrained from including an analysis of cardiovascular mortality risk in our study. Therefore, it is imperative that future, more extensive and methodologically rigorous cohort studies are conducted to elucidate the potential relationship between CDAI and cardiovascular mortality risk in PD patients.

This study carries significant implications, as our multivariate-adjusted analysis (accounting for confounders such as age and gender) demonstrates that the CDAI effectively predicts both PD risk (OR = 0.72) and mortality (HR = 0.53), suggesting its utility as a stratification tool for identifying high-risk subgroups. The established CDAI thresholds (<0.471 for PD risk; <0.527 for mortality) enable targeted personalized nutritional interventions, underscoring the need for healthcare providers to prioritize antioxidant-rich dietary recommendations in individuals below these critical values. Furthermore, integrating CDAI with digital biomarkers (e.g., gait analytics) and α-synuclein-related metabolomic profiles could enhance prognostic precision, aligning with evidence that multimodal data integration improves PD comorbidity prediction(Brzenczek et al., 2024). However, several limitations should be acknowledged in this study. First, the observational design and retrospective nature of the NHANES data preclude causal inference, limiting our findings to associative relationships that may be influenced by residual confounding from unmeasured variables (e.g., genetic predisposition, environmental exposures). Second, reliance on self-reported dietary recall introduces inherent risks of measurement error, including recall bias and misclassification of nutrient intake, which may compromise CDAI calculations. The absence of longitudinal dietary monitoring further compounds these limitations, as static assessments fail to capture temporal variations in dietary patterns that could affect outcome associations. Third, while the NHANES cohort provides nationally representative U.S. data, the generalizability of our results to global populations remains uncertain due to marked cross-cultural differences in dietary practices (e.g., Mediterranean vs. Asian dietary patterns) and genetic susceptibility profiles. Future multinational cohorts incorporating culturally adapted CDAI thresholds and dynamic dietary tracking are needed to validate these findings across diverse populations.



5 Conclusion

Our cross-sectional study reveals that reduced CDAI levels, especially when falling below the threshold of 0.471, as a significant independent risk factor for PD development. Moreover, among patients with established PD, a CDAI level below 0.527 significantly heightens the risk of all-cause mortality, particularly in older adults (>60 years), active smokers, and hypertensive individuals. These findings highlight the critical role of dietary antioxidant capacity in PD pathophysiology and prognosis. We propose that targeted personalized dietary interventions rich in antioxidants or antioxidant supplementation may represent a novel preventive/therapeutic strategy for high-risk populations with suboptimal CDAI level and PD patients.
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Background: To examine the current status and influencing factors of balance in middle-aged and older adults with Parkinson’s disease (PD) and explore the correlations of these factors with balance.
Methods: The China Health and Retirement Longitudinal Study (CHARLS) Database in 2015, 2018 and 2020 were utilized as the data source, from which the missing value samples were excluded and 1,390 participants aged ≥45 years were recruited. Using the chi-square test, balance comparisons were made among middle-aged and older adults PD patients under different indicators. The influences of different factors on the patient balance were investigated through regression analysis.
Results: Regression analysis revealed the correlations of age, gender, smoking, falls, hypertension, diabetes and physical activity with balance in PD patients. A significant association between aging and declined balance was found, with middle-aged and older adults PD patients aged > 65 years showing a higher probability of declined balance (OR = 0.716, p = 0.016). Male middle-aged and older adults PD patients exhibited better balance than female counterparts (OR = 1.829, p = 0.001). Previous smoking (OR = 0.580, p = 0.004), falls (OR = 0.769, p = 0.035), hypertension (OR = 0.738, p = 0.019) and diabetes (OR = 0.734, p = 0.027) were positively correlated with the declined balance in PD patients. Light physical activity could significantly improve balance in middle-aged and older adults PD patients (OR = 1.672, p < 0.001).
Conclusion: Balance impairment is a major concern for middle-aged and older adults with PD. Our findings highlight that age, gender, smoking, history of falls, hypertension, diabetes, and physical activity significantly influence balance. Specifically, old age, male gender, light physical activity (such as walking), and lower risks of hypertension and diabetes are linked to better balance. Clinicians should focus on managing these risk factors and promoting light physical activity to improve balance and reduce fall risks.
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1 Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease after Alzheimer’s disease (1, 2). PD is rare in individuals under 50, and its prevalence increases with age (3). It is projected that the number of cases will reach between 8.7 million and 9.3 million by 2030 (3, 4). Main clinical features of PD include muscle rigidity, static tremor, bradykinesia, postural instability and gait disorders (5). Postural instability accompanied by increased postural swing and impaired response to external disturbances may lead to impaired balance, and with the disease progression, patients may lose their self-care ability and their physical and mental health may be affected (5, 6).

Among motor and non-motor symptoms of PD, the gait and posture symptoms deteriorate at faster rates, and the muscle and core control functions in PD patients gradually become impaired due to declined balance and postural reflex (7–9). Balance is a complex body function of multi-system coordination (10). Impaired balance is the principal cause of falls (11) among PD patients, resulting in injury, fracture and even disability, which will severely limit their ability to perform activities of daily living, and negatively affect their quality of life and self-care confidence (12, 13).

Balance dysfunction in PD patients leads to fall injuries, fractures and even disability, which are important reasons for increased healthcare costs (14–16). Over the past 20 years, the total number of PD patients has reached 3.62 million (in 2020) in China, which will continue to rise in the future, resulting in further increased burden from PD in the next few decades with the population aging (17–19). Thoroughly understanding the status quo and influencing factors of PD has become a major health issue of global concern, which is critical to intervening in the factors affecting declined balance, ameliorating the balance and improving the functional capacity of PD patients (20).

Given the increasing prevalence of PD and its associated motor symptoms, particularly balance dysfunction, it is crucial to understand the factors influencing balance in middle-aged and older PD patients. Although existing research has emphasized various aspects of balance in PD, little is known about how specific risk factors, such as age, gender, smoking history, comorbidities (such as hypertension and diabetes), and physical activity (such as walking), affect balance in this population. Therefore, based on the 2015, 2018, and 2020 China Health and Retirement Longitudinal Study (CHARLS) database, we aim to provide evidence on the specific impacts of these factors and identify potential intervention strategies to help improve balance and reduce the risk of falls in PD patients.



2 Methods


2.1 Study population

The data for this study was obtained from CHARLS (21) using datasets from 2015, 2018, and 2020. The sampling method employed was probability proportional to size (PPS), where 150 county-level units were randomly selected from all units (excluding Tibet, Taiwan, Hong Kong, Macau, Ningxia, and Hainan). These were further categorized by region, urban/rural status, and GDP, with the lowest level of government organizations (including administrative villages) as primary sampling units. A total of 450 communities/villages were included, though four lacked data in 2020.

To ensure data quality and consistency, participants were excluded based on the following criteria: (1) participants missing Parkinson’s disease information, (2) participants missing balance data, (3) participants missing covariate information, and (4) participants under the age of 45. In total, 1,390 eligible participants were included in the analysis. The detailed sample selection process is shown in Figure 
1
.

[image: Flowchart depicting participant selection for longitudinal analysis. Initially, 44,411 participants were screened. Of these, 41,864 were excluded due to missing information or covariates. This left 2,547 participants. An additional 1,157 participants were excluded for being under 45 years old, resulting in 1,390 participants for analysis.]

FIGURE 1
 Flowchart showing the selection of participants into the final analysis of this study.




2.2 Diagnosis of PD

The PD diagnosis was based on previous diagnosis by a doctor. Participants were asked whether they had received an official PD diagnosis. If so, corresponding participants were considered to have PD; if not so, corresponding participants were considered not to have PD.



2.3 Balance assessment

Interviewers were responsible for measuring balance, which refers to the ability of participants to stand in the semi-tandem position for 10 s without moving or holding anything.



2.4 Covariates

Covariates included Age, Gender, Residence, Educational level, Marital status, Smoking, Drinking, Falls, Light (Include walking, which involves moving from one place to another while working or at home, as well as other walks you take for leisure, exercise, training, or entertainment.), Moderate (Moderate physical activities make your breathing faster than usual, such as carrying light items, cycling at a regular pace, mopping, practicing tai chi, brisk walking, and so on.) and Heavy physical activities (Intense activities will make you breathe heavily, such as carrying heavy objects, digging, farming, aerobic exercises, cycling quickly, and biking with cargo.), Depression, Disability, Physical pain, Hypertension, Diabetes, Dyslipidemia, Heart disease, Stroke and Cancer. Depressive symptoms were measured by the 10-item version of CES-D (CESD-10), which has been validated and widely used in Chinese adults (22–24). It consists of 10 items: (1) feeling depressed, (2) being bothered by small things, (3) difficulty concentrating, (4) restless sleep, (5) everything is effort, (6) feeling hopeful, (7) feeling happy, (8) feeling fearful, (9) unable to get going, and (10) feeling lonely. Each item was scored on a four-point Likert scale comprising “Rarely or none of the time,” “Some or a little of the time,” “Occasionally or a moderate amount of time” and “Most or all of the time,” with negative symptoms designated as 0, 1, 2 and 3. Contrastively, two positive symptoms were designated as 3, 2, 1, and 0. The scale has a total score between 0 and 30, with higher scores indicating more depressive symptoms. A cutoff score of ≥10 was utilized to identify respondents exhibiting significant depressive symptoms (22).



2.5 Statistical analysis

The factors influencing the balance of middle-aged and older adults PD patients were analyzed by establishing Logistics model and calculating OR values. The basic model can be written as follows:

[image: A mathematical equation representing a regression model for predicting balance. It includes variables: age, gender, BMI, residence, educational level, marital status, smoking, drinking, falls, physical activities at various levels, depression, disability, physical pain, hypertension, diabetes, dyslipidemia, heart disease, stroke, and cancer, along with their corresponding coefficients.]

where i represents different individuals, t represents years (2015/2018 and 2020), β0 stands for the intercept term, and [image: The Greek letter epsilon with subscripts “i” and “t”.] stands for the random error term.Descriptive statistics were first conducted to summarize the demographic and clinical characteristics of the participants. For categorical variables, the chi-square test was applied to compare the balance status (good vs. poor).To assess the relationships between the various factors and balance in middle-aged and older adults PD patients, we used logistic regression analysis. This analysis was performed to calculate the odds ratios (ORs). All statistical analyses were performed with STATA 16.0 software, with a significance level set at 0.05.




3 Result


3.1 Difference analysis

Based on the results from Table 1, patients aged 65 years and above were more likely to experience poor balance compared to those aged 45–65 years, with a statistically significant difference (χ2 = 20.901, p < 0.001).Male patients exhibited better balance than female patients, and this difference was significant (χ2 = 7.342, p = 0.007).Married patients had better balance than those who were divorced, widowed, or unmarried, with a significant difference (χ2 = 12.313, p < 0.001).Current smokers had better balance compared to past smokers and never smokers, with a statistically significant difference (χ2 = 12.711, p = 0.002).Patients with a history of falls had worse balance compared to those without a fall history, and this difference was statistically significant (χ2 = 7.498, p = 0.006).Patients engaged in light physical activity showed significantly better balance compared to those who did not (χ2 = 38.810, p < 0.001). Similarly, patients involved in moderate and heavy physical activities also had better balance than those not engaged in such activities (p < 0.05 for both).Patients with hypertension and diabetes were more likely to have poorer balance, with significant differences observed (Hypertension: χ2 = 11.985, p = 0.001; Diabetes: χ2 = 6.969, p = 0.008).



TABLE 1 Balance comparisons of middle-aged and older adults PD patients under different indicators.
[image: Table displaying the relationship between various demographic and health factors with balance categorized into "Good" and "Poor." It includes factors such as age, gender, residence, educational level, marital status, smoking, drinking, falls, physical activity, and health conditions like depression, disability, hypertension, diabetes, and heart disease. The table provides sample numbers, proportions for each group, chi-square values, and p-values, with significant p-values indicated for factors like age, marital status, and physical activities. Statistical significance is noted for p-values less than 0.05.]



3.2 Correlation coefficient analysis

A correlation analysis was conducted based on the results from Table 2 to examine the relationship between balance ability and various explanatory variables in middle-aged and older adults Parkinson’s disease patients. A significant negative correlation was found between age and balance ability (r = −0.123, p < 0.01). Gender showed a small but significant positive correlation with balance ability (r = 0.073, p < 0.01). Smoking was significantly positively correlated with balance ability (r = 0.051, p < 0.05). Various forms of physical activity (light, moderate, and vigorous) were positively correlated with balance ability, with the strongest correlation observed for light physical activity (r = 0.167, p < 0.01), followed by moderate physical activity (r = 0.156, p < 0.01) and vigorous physical activity (r = 0.148, p < 0.01). This suggests that participation in physical activity can improve the balance ability of Parkinson’s disease patients.



TABLE 2 Correlation coefficient analysis.
[image: A correlation matrix table shows relationships among variables: Balance, Age, Gender, Smoking, Hypertension, Diabetes, Heavy Physical Activities (HPA), Moderate Physical Activities (MPA), and Light Physical Activities (LPA). Significance levels are indicated by asterisks, with *** for 1%, ** for 5%, and * for 10%. Notable correlations include Age and Diabetes (0.017), Gender and Smoking (0.610), and MPA and LPA (0.089***). Several entries have significant correlations, such as Hypertension with Smoking (0.092***) and Diabetes (0.065**).]



3.3 Baseline regression analysis

Based on the results from Tables 3, a baseline logistic regression analysis was conducted to explore the factors influencing balance in middle-aged and older adults PD patients. Patients aged 65 years and above have a significantly higher likelihood of poor balance compared to those aged 45–65 years (OR = 0.716, p = 0.016), indicating that old age is associated with worse balance. Male patients are significantly more likely to have better balance than female patients (OR = 1.829, p = 0.001), suggesting a positive correlation between male gender and balance. Past smokers are associated with a significantly higher probability of poor balance compared to those who never smoked (OR = 0.580, p = 0.004), indicating that a history of smoking negatively affects balance in PD patients. Patients with a history of falls are more likely to experience poor balance compared to those without a history of falls (OR = 0.769, p = 0.035), confirming that falls have a detrimental effect on balance. Light physical activity is significantly associated with better balance (OR = 1.672, p < 0.001). Additionally, both moderate (OR = 1.358, p = 0.029) and heavy (OR = 1.550, p = 0.010) physical activities also improve balance, indicating that physical activity, in general, promotes better balance in PD patients. Both hypertension (OR = 0.738, p = 0.019) and diabetes (OR = 0.734, p = 0.027) are significantly associated with a higher likelihood of poor balance, suggesting that these conditions negatively impact balance in PD patients. In summary, old age, past smoking, a history of falls, hypertension, and diabetes are significant risk factors for poor balance in PD patients. Conversely, being male and engaging in physical activity, especially light activity, are associated with better balance.



TABLE 3 Baseline regression results.
[image: Table listing various health and lifestyle variables with categories, coefficients, standard deviation (SD), chi-squared (χ²) values, p-values (P), and odds ratios (OR). Variables include age, gender, BMI, residence, education, marital status, smoking, drinking, falls, physical activities, depression, disability, physical pain, hypertension, diabetes, dyslipidemia, heart disease, stroke, and cancer. Each variable has categories with statistical values for coefficient, SD, χ², P, and OR, indicating their relationship and significance.  ]




4 Discussion

The results indicate that several factors significantly influence balance in middle-aged and older adults with PD. These include age, gender, smoking history, history of falls, hypertension, diabetes, and physical activity levels. Old age, male gender, a history of smoking, prior falls, and the presence of hypertension and diabetes are associated with worse balance. Conversely, engaging in light physical activity, such as walking, is positively correlated with better balance. The findings suggest that balance dysfunction in PD is influenced by multiple risk factors, and that managing these factors, especially encouraging physical activity, may help improve balance and reduce fall risk in this population.

Balance disorder, as a common dysfunction of PD, is associated with abnormalities in the nigrostriatal and vestibular neural pathways (15, 25). Early clinical detection of balance abnormalities and assessment of falls are conducive to the comprehensive management of PD patients. Through measurement with dynamic balance instrument, Jong Moon Lee et al. (26) found that patients with early PD had accompanying balance disorder, which might be associated with age and disease course. PD is accompanied by a history of falls, which tend to increase gradually with the disease progression, resulting in post-fall injuries such as fractures, limited activities and psychological disorders (27). Successful standing on one leg for 10 s is conducive to predicting survival in middle-aged and older adults (28).

Fall events in PD are the result of interactions among multiple factors, of which balance disorder is regarded as the major cause, as well as an important factor for the limited activities of daily living and social participation in PD patients (8, 9, 11, 29). Research has shown that the dynamic and static center of mass (COM) trajectories and motion speeds in PD patients were prominently prolonged and accelerated, while the limits of stability were reduced, indicating balance dysfunction in the early- and middle-stage PD patients, which further affected their postural control and gait stability (30, 31). In particular, PD patients often face impaired balance and compromised motor coordination with age, which can lead to postural instability, difficulty walking and higher probability of falls (6, 8, 11, 25, 32, 33). The study by Murueta-Goyena et al. suggests that female patients are at a higher risk of falling due to issues with motor fluctuations and postural stability. This may explain why middle-aged and old male Parkinson’s disease patients tend to exhibit better balance than their female counterparts (34). Some studies have demonstrated an association between long-term smoking and a lower risk of PD, with the duration and intensity of smoking being more important, while the number of cigarettes smoked per day is generally irrelevant to the risk of PD (35–38). Although smoking may be associated with a lower risk of PD in some cases, it can interfere with neurological function and adversely affect balance control in middle-aged and older PD patients (37). This study found worse balance dysfunction in the fall group than in the non-fall group, showing consistency with the conclusion of Bekkers (6), who found that compared to the control group, PD patients with freezing of gait might have difficulty in sensing the speed difference in motor band. When the human body is about to fall due to smaller and slower disturbances, it mainly relies on the ankle joint control to restore postural stability (ankle strategy). A decreased sense of proprioception at ankle joint affects the implementation of ankle strategy, which may also be the reason why patients are more prone to fall. Currently, the association between the hypertension and the risk of PD remains controversial (6). Hypertensive patients are more likely to develop PD compared to non-hypertensive participants (39, 40). The prevalence of peripheral neuropathy in Parkinson’s disease patients ranges from 4.8 to 55%, which is significantly higher than that in the general population. When diabetic neuropathy coexists with Parkinson’s disease, the pathological mechanisms of both conditions may overlap, further worsening balance function (41).

Many studies have shown that rehabilitation training has a preferable effect on improving postural imbalance in PD patients and reducing the occurrence of falls (42–46). M. Rossi et al. (47) found that vestibular rehabilitation training under the movement and visual changes of dynamic postural balance platform could improve the postural imbalance of PD patients to the greatest extent and reduce their risk of falls (48, 49). This study also found that light physical activities, such as walking, may help reduce the risk of balance dysfunction in Parkinson’s disease patients, providing an important foundation for improving their quality of life. This is consistent with the research by Nascimento et al. (50), which showed that walking training, especially when combined with external cues, can improve gait fluency and reduce gait freezing. It offers a low-cost, low-risk intervention for the overall health, motor function, and non-motor symptoms of Parkinson’s disease patients, with significant benefits (51).In clinical practice, attention should be paid to old patients who smoke, falls, lack physical activities and have hypertension or diabetes. For these patients, corresponding interventions should be given to improve their quality of life.

While our study provides valuable insights into the relationship between balance ability and various health factors in Parkinson’s disease, several limitations should be considered. First, the CHARLS dataset lacks detailed information on medication status, which could affect balance, particularly in populations with conditions like Parkinson’s disease. This limits our ability to analyze how medication use or timing might impact balance. Second, the dataset does not categorize Parkinson’s disease patients by clinical subtypes, which restricts our ability to examine differences in balance problems across subtypes, such as tremor-dominant or postural instability and gait failure types. Additionally, the use of self-reported PD diagnosis, rather than clinical verification, could introduce selection bias, as individuals may misreport or have inaccuracies in their diagnosis. Although we controlled for potential confounders such as age, gender, and physical activity, other unmeasured factors, such as socioeconomic factors and pre-existing conditions, may also influence balance and physical activity levels. Furthermore, the relationship between smoking and balance may be influenced by other lifestyle factors, such as diet or weight differences. Finally, the use of a two-point scale for balance assessment may not fully capture the degree of balance dysfunction. Future research could employ more detailed assessment methods to better understand balance problems.



5 Conclusion

Balance impairment is a significant issue for middle-aged and older adults with PD. Our results indicate that age, gender, smoking, history of falls, hypertension, diabetes, and physical activity are important factors influencing balance in PD patients. Specifically, old age, male gender, light physical activity, and lower risks of hypertension and diabetes are associated with better balance. We recommend that clinicians focus on managing these risk factors, particularly for older PD patients, and emphasize interventions that promote light physical activity (such as walking) to improve balance. Addressing these factors can significantly enhance the quality of life and reduce the risks associated with falls and postural instability in this population. Future research should explore targeted interventions and the mechanisms underlying these associations to better guide clinical practice.
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Introduction: This study leverages bibliometric analysis to uncover the research landscape and spotlight emerging trends in the field of Parkinson’s disease (PD) transcriptomics.
Methods: The relevant literature on Parkinson’s disease and transcriptomics was retrieved from the Web of Science Core Collection database. Bibliometric analysis was conducted using VOSviewer, CiteSpace, and the Bibliometrix R package.
Results: A total of 208 research articles were retrieved from January 2011 to March 2025. The number of publications has shown a steady increase, particularly from 2020 to 2024, with an average annual publication rate of 29 articles during this period. The United States and China were the leading countries in terms of publication counts, while the University of Luxembourg and McGill University were the top contributing institutions. The most impactful journals included “Nature Communications” and “NPJ Parkinson’s Disease.” The co-occurrence analysis of keywords revealed that “Parkinson’s disease,” “transcriptomics,” “neurodegeneration,” and “biomarkers” are current research hotspots. Citation burst analysis identified key references related to genetics, transcriptomics, and data analysis tools that have significantly influenced the field.
Conclusion: This study offers the first comprehensive bibliometric analysis of Parkinson’s disease (PD) transcriptomics research from 2011 to 2025. We reveal a significant surge in research activity, particularly since 2020, driven by advancements in single-cell and spatial transcriptomics. The United States and China lead in publication output, with key contributions from the University of Luxembourg and McGill University. Research hotspots include neuroinflammation, biomarker discovery, and machine learning applications, indicating a shift toward translational research. However, challenges such as data heterogeneity and high biomarker validation failure rates persist. Future research should focus on standardizing methodologies and enhancing clinical relevance. Strategic directions include multi-omics integration, global collaboration, and linking transcriptomic signatures to clinical outcomes, aiming to improve early diagnosis and personalized therapies for PD.
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1 Introduction

Parkinson’s disease (PD) is a prevalent neurodegenerative disorder characterized by the progressive loss of dopaminergic neurons in the substantia nigra of the midbrain and the formation of Lewy bodies (Titova et al., 2017; Dorsey et al., 2018), with primary clinical manifestations including bradykinesia, tremors, rigidity, and balance impairments (Bloem et al., 2021; Armstrong and Okun, 2020; Keo et al., 2021; Fereshtehnejad et al., 2019). Although the exact etiology of PD remains unclear (Bellou et al., 2016; Stoker and Greenland, 2018), research suggests that its pathogenesis involves genetics, environmental factors, and complex molecular and cellular processes (Cacabelos, 2017; Miller and O’Callaghan, 2015; Saracchi et al., 2014).

In recent years, transcriptomics, as a vital tool for studying the molecular mechanisms of PD (Kia et al., 2021), has been widely applied. Transcriptomics (Tiklova et al., 2020), through high-throughput sequencing technologies, quantitatively analyzes RNA expression across the entire genome, revealing disease-related changes in gene expression, gene regulatory networks, and potential biomarkers. This is of significant importance for understanding the pathophysiological mechanisms of PD (Ye et al., 2023) and for developing new therapeutic strategies (Van Oekelen et al., 2021).

Despite the many important findings in PD research through transcriptomics, the research hotspots, trends, and key contributors in this field have not yet been systematically summarized. Bibliometric analysis (Ma et al., 2021), as a quantitative analysis method, can reveal the dynamics of research fields, hotspots, and the contributions of major research institutions and countries by statistically analyzing a vast amount of literature data. This is of significant reference value for the strategic planning and resource allocation of scientific research.

The aim of this study is to systematically analyze research literature related to Parkinson’s disease and transcriptomics, revealing research trends, hotspots, and key contributors in the field. We will retrieve relevant literature from the Web of Science Core Collection database and conduct a quantitative analysis using bibliometric analysis methods, including annual publication volume, contributions by countries and institutions, journal distribution, keyword co-occurrence analysis, and research hotspot analysis. This study will provide valuable information and references for transcriptomics research in Parkinson’s disease, which may offer direction and inspiration for future research.



2 Methods


2.1 Search strategy

The study conducted a comprehensive search in the Web of Science Core Collection (WoSCC), a multidisciplinary and comprehensive database with an extensive citation network. The search was conducted without temporal limitations, focusing solely on documents categorized as “Articles” or “Reviews.” On March 20, 2025, two researchers independently conducted literature searches. The search strategy employed was: ((TS = (Parkinson’s disease) OR TS = (Parkinson)) AND TS = (transcriptomics)) AND LA = (English), with the entire retrieval process graphically represented in Figure 1.

[image: Flowchart detailing a search process in the Web of Science Core Collection. Initial search with 229 entries using terms related to Parkinson's disease and transcriptomics in English. Excludes 21 non-relevant publications, resulting in 208 identified publications. Conducts bibliometric and visualization analysis. Categories analyzed include publications, citations, countries, institutions, journals, authors, references, and keywords.]

FIGURE 1
 A detailed flowchart illustrating the systematic steps of the search strategy used in screening publications for research.




2.2 Literature analysis

Data analysis and management were performed using VOSviewer 1.6.20, CiteSpace 6.3.R1, Bibliometrix 4.4.1, and Microsoft Office Excel 2010. VOSviewer 1.6.20 (van Eck and Waltman, 2010) was utilized for visualizing highly co-cited literature and author co-occurrence, as well as for analyzing national and institutional publication, journal analysis, author analysis, keyword co-occurrence, and co-cited reference analysis. CiteSpace 6.3.R1 (Synnestvedt et al., 2005) generated visual maps providing a detailed summary analysis of journal reference emergence maps. Bibliometrix 4.4.1 (Aria and Cuccurullo, 2017) was employed to perform a thematic analysis and to map out a global distribution network of scholarly publications pertaining to transcriptomics in the context of Parkinson’s disease.




3 Results


3.1 Analysis of annual publications and publication trends

According to our search criteria, a total of 208 research articles on the intersection of Parkinson’s disease and transcriptomics were retrieved from January 2011 to March 2025. Figure 2 presents the annual publication trend and average citations per publication. The publication trend can be segmented into distinct phases.

[image: Bar and line graph showing the number of publications and average citations from 2011 to 2025. Publications (orange bars) increase significantly from 2019 to 2024, peaking in 2024. Average citations (yellow line) peak in 2019 and decline sharply afterward.]

FIGURE 2
 A graphical representation of the annual research output in the field of Parkinson’s disease transcriptomics.


From 2011 to 2016, the field was in its early stages, with an average annual publication rate of approximately 2.8 articles. This period was characterized by sporadic research activities and limited scholarly attention. The average citations per publication showed a general upward trend during this phase, peaking at 57.75 in 2014, indicating the growing influence and recognition of research in this area.

In 2017, there was a noticeable increase in publications, with 6 articles published, marking the beginning of a period of steady growth. The average citations per publication also continued to rise, reaching 57.00 in 2018. However, from 2018 to 2019, although the publication output continued to increase, reaching 10 articles in 2019, the average citations per publication experienced a decline, possibly reflecting the rapid expansion of research without a corresponding immediate impact.

The period from 2020 to 2023 witnessed a significant surge in publication numbers, with an average annual increase to about 29 articles, peaking at 43 articles in 2023 and 45 articles in 2024. This substantial growth suggests that research at the nexus of Parkinson’s disease and transcriptomics is gaining prominence within the broader field of neuroscience. The average citations per publication showed a fluctuating trend during this period, with a notable decrease in 2025, which might be attributed to the recency of publications and the time lag in citation accumulation.



3.2 Country and institutional analysis

Publications originated from 39 countries and 412 institutions. The top ten contributing countries are distributed across Europe, North America, and Asia, with a significant concentration in Europe (=8) and North America (=2) (Table 1). The United States leads with the highest number of publications (=53), demonstrating its dominant position in the field. This is followed by China (=33), the United Kingdom (=19), Germany (=17), and Spain (=12). The combined publications from these five countries account for over half of the total (54.25%). Subsequently, we filtered and visualized 25 countries based on a publication count of two or more, constructing a collaborative network based on the number and relationships of publications per country (Figures 3A,B). Notably, the United States has connections with 15 countries, while China has links with five countries. More extensive cooperation with additional countries should be pursued in the next steps to accelerate the development of this research field.



TABLE 1 Top 10 countries/institutions on research of Parkinson’s disease in transcriptomics.
[image: Table displaying rankings by country and institution based on counts and percentages. The USA ranks first with 53 counts (25.48%), followed by China with 33 counts (15.87%), and England with 19 counts (9.13%). Institutions listed include the University of Luxembourg and McGill University, showing counts alongside country data.]

[image: Map A shows a global collaboration between countries, highlighted in shades of blue, with the United States having prominent connections. Map B displays a network diagram of country collaborations, centered on the USA and China, with lines indicating connections among various countries, color-coded by time from 2019 to 2023.]

FIGURE 3
 A visual depiction of the geographical distribution (A) and a map-based visualization of countries (B) contributing to research on transcriptomics in Parkinson’s disease.


The top ten institutions are in seven countries (Luxembourg, Canada, the United Kingdom, Sweden, the Netherlands, China, and Spain). Institutions with ≥5 relevant publications are University of Luxembourg (=11, 5.29%), McGill University (=6, 2.88%), University College London (=6, 2.88%), Karolinska Institute (=5, 2.40%), and Maastricht University (=5, 2.40%). We then selected 61 institutions for visualization based on a minimum publication count of two and constructed a collaborative network based on the number and relationships of publications per institution (Figure 4A). As shown in Figure 4A, University of Luxembourg has very close collaborations with the Harvard Medical School, Leiden University, Luxembourg Institute of Health, and University of California, San Diego. Additionally, we observed that Capital Medical University has the highest publication count in China, while Southern Medical University has the highest citation count.

[image: Four network graphs display scholarly publication trends. Graph A shows interconnections between universities, colored by years 2020 to 2024. Graph B relates to journals discussing neuroscience topics, with data from 2018 to 2024. Graph C presents a complex network of scientific fields like neurology and genetics, with densely connected nodes. Graph D visualizes disciplines such as molecular biology, chemistry, and psychology in a flowing distribution, each with distinct colors and labels.]

FIGURE 4
 A comprehensive visualization of research on transcriptomics in Parkinson’s disease, encompassing (A) Institutions, (B) Journals, (C) Co-Cited Journals, and (D) A dual-map overlay highlighting the interconnections between journals.


In summary, the collaborative networks among countries and institutions reveal global trends in cooperation and leadership, providing multifaceted perspectives and methodologies for addressing complex scientific issues. This is crucial for advancing scientific development, improving patients’ quality of life, and fostering innovation in research.



3.3 Journals and co-cited journals

Publications concerning transcriptomics in Parkinson’s disease have appeared across 106 journals. Molecular Neurobiology and Neurobiology of Disease both led with the highest number of publications (=6, 2.88%), followed by Molecular Neurobiology and Neurobiology of Disease both led with the highest number of publications (=6, 2.88%), followed by Nature Communications, NPJ Parkinson’s Disease, and Scientific Reports (=5, 2.40%). Among the top 15 journals, Nature Communications had the highest impact factor (IF = 14.7007), closely followed by Brain (IF = 12.8458). Subsequently, we filtered 26 journals based on a minimum of two relevant publications and plotted a journal network diagram (Figure 4B). Figure 4B illustrates active citation relationships among Neurobiology of Disease, Molecular Neurobiology, and NPJ Parkinson’s Disease, indicating the close connections of Parkinson’s disease transcriptomics research with other fields such as neuroscience, molecular biology, genetics, bioinformatics, and clinical medicine.

As shown in Table 2, among the top 15 most-cited journals, six journals have been cited over 230 times. Nature was the most cited (total citations = 345), followed by Nucleic Acids Research and Proceedings of the National Academy of Sciences of the United States of America (total citations = 270 each), Movement Disorders (total citations = 248), Science (total citations = 234), and PLOS ONE (total citations = 231). These high citation counts reflect the central role and broad influence of these journals in academia. They also reveal the interrelationships among research literature and the flow of knowledge, which is crucial for understanding the depth and breadth of the research field. Additionally, a co-citation network was plotted after filtering journals with a minimum co-citation count of 50 (Figure 4C). As shown in Figure 4C, these journals have positive co-citation relationships with other journals, indicating their significant influence and close academic connections in related research areas.



TABLE 2 Top 15 journals/co-cited journals for Parkinson’s disease in transcriptomics.
[image: A table listing journals ranked by co-citation metrics. It includes columns for journal rank, name, counts, impact factor (IF), and quartile (Q), alongside co-cited journals, their co-citation counts, impact factor, and quartile. The top-ranked journal is Molecular Neurobiology with 6 counts and an impact factor of 4.436, co-cited with Nature, which has 345 co-citations and an impact factor of 50.5012.]

The double map overlay of journals shows the citation relationships between citing and cited journals. On the left are clusters of citing journals, and on the right are clusters of cited journals. As shown in Figure 4D, the yellow paths represent the primary citation routes, indicating that publications in Molecular/Biology/Immunology journals are predominantly cited by literature in Molecular/Biology/Genetics journals. The analysis of journals and their co-cited journals not only reveals the patterns of academic exchange and knowledge flow in Parkinson’s disease transcriptomics research but also plays a significant role in promoting in-depth research, enhancing the quality and impact of research, and fostering interdisciplinary collaboration.



3.4 Authors and co-cited authors

A total of 1,181 authors have contributed to Parkinson’s disease transcriptomics research. In the top 10, Glaab, Enrico from the University of Luxembourg ranks first with 7 papers. Halder, Rashi from the University of Bonn and Parmar, Malin from Lund University each have 3 papers, while the remaining seven authors have 2 each (Table 3). We constructed a collaboration network (Figure 5A) based on authors with two or more papers. Multiple authors have close collaborations. Glaab, Enrico works closely with Halder, Rashi, Parmar, Malin, Alves, Guido, Balling, Rudi, and others, and actively collaborates with Bandres-Ciga, Sara, Bjorklund, Tomas, Bohler, Sacha, and others.



TABLE 3 Top 10 authors and co-cited authors for Parkinson’s disease in transcriptomics.
[image: Table showing the ranking of authors based on counts and citations. Enrico Glaab ranks first with 7 counts and is co-cited with Braak, H, with 38 citations. Rashi Halder and Malin Parmar both have 3 counts. Authors Guido Alves, Rudi Balling, Sara Bandres-Ciga, Tomas Bjorklund, Sacha Bohler, Manuel Buttini, and Tiago Cardoso each have 2 counts with their respective co-cited authors. Citations range from 15 to 38.]

[image: Four panels depict network graphs and a citation burst chart. Panel A shows a co-authorship network with nodes representing authors, colored by collaboration strength over time. Panel B illustrates a citation network, with nodes and links showing citation relationships. Panel C displays a co-citation network, nodes indicating frequently co-cited works. Panel D lists the top ten references with strong citation bursts from 2011 to 2025, with bars indicating strength and duration. A legend in Panel A shows a color gradient from 2020 to 2024.]

FIGURE 5
 A focused visualization of key elements in Parkinson’s disease transcriptomics research, featuring (A) Authors, (B) The co-cited authors network, (C) Co-cited references, and (D) The top 12 references exhibiting strong citation bursts, marked by a red bar indicating years of notably high citation activity.


Among the 10,143 co-cited authors, four have over 20 co-citations (Table 3). The most co-cited is Braak, H with 38, followed by Nalls, Ma (Priem et al., 2010), Kanehisa, M (Kim et al., 2014), and Poewe, W (Hussein et al., 2023). After filtering for a minimum co-citation count of 10, a co-citation network graph was plotted (Figure 5B). As shown in Figure 5B, co-citation analysis reveals the intersections between different research fields, and such collaborations may foster interdisciplinary research and the development of new theories. The analysis of author and co-citation networks helps researchers quickly identify key figures and research teams in the field, facilitating the tracking of cutting-edge issues.



3.5 Co-cited references

There are 12,183 co-cited references in the research on Parkinson’s disease transcriptomics, indicating a solid academic foundation and a broad range of knowledge sources for this field of study. Among the top 10 co-cited articles (Table 4), each has been cited at least 12 times, with one article receiving over 18 citations. A co-citation network graph (Figure 5C), constructed by selecting references with a co-citation count greater than or equal to 8, reveals the interconnectivity among these documents.



TABLE 4 Top 10 co-cited references on research of Parkinson’s disease in transcriptomics.
[image: Table showing the rankings of co-cited references related to Parkinson's disease, with corresponding citation counts. The top-ranked reference, with eighteen citations, is "Identification of novel risk loci" by Nalls et al., 2019. Other notable studies include works by Ritchie et al., 2015, and Love et al., 2014. The list highlights research on genomic profiling, RNA sequencing, and specific neuronal states linked to Parkinson's. Citations range from twelve to eighteen.]

According to Figure 5C, “Identification of novel risk loci, causal insights, and heritable risk for Parkinson’s disease: a meta-analysis of genome-wide association studies” and “Limma powers differential expression analyses for RNA-sequencing and microarray studies” have active co-citation relationships. Nalls’ work offers a multi-omics analysis framework for Parkinson’s disease transcriptomics, linking genetics and transcriptomics to highlight the importance of data integration. Ritchie’s study provides the Bioconductor package, a powerful data analysis tool.

Additionally, “Limma powers differential expression analyses for RNA-sequencing and microarray studies” and “Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2” also have active co-citation relationships. “Limma” and “DESeq2” provide statistical methods and tools for accurate gene expression analysis in Parkinson’s disease.

Other references contribute to Parkinson’s disease research and treatment in various ways, including comprehensive reviews, molecular mechanisms, neuroinflammation, neuroprotection, and stem cell therapy strategies. Transcriptomics studies are crucial for understanding disease mechanisms and finding potential therapeutic targets, driving the field towards deeper and broader development.



3.6 Citation burst analysis of references

Reference with citation bursts refers to those references that are frequently cited by scholars in a certain field over a period of time. In our study, 10 references with strong citation bursts were identified by CiteSpace (Figure 5D). As shown in Figure 5D, every bar represents a year, and the red bar represents strong citation burstiness. Citation bursts for references appeared as early as 2016 and as late as 2025. The reference with the strongest citation burst (strength = 2.29) was titled “A meta - analysis of genome - wide association studies identifies 17 new Parkinson’s disease risk loci,” published in Nature Genetics by Diana Chang et al., with citation bursts from 2017 to 2025. At the same time, the reference with the same burst intensity is titled “Transcriptomic profiling of purified patient - derived dopamine neurons identifies convergent perturbations and therapeutics for Parkinson’s disease,” authored by Cynthia Sandor et al., with citation bursts from 2017 to 2020. Overall, the burst strength of these 10 references ranged from 1.71 to 2.29, and their endurance strength ranged from 3 to 8 years. Table 5 summarizes the relevance between the main research contents of these 10 articles and the research field of Parkinson’s disease transcriptomics according to the order of the literature in Figure 5D.



TABLE 5 Top 10 references with strong citation bursts.
[image: A table listing ten articles ranked by relevance, discussing associations with Parkinson's disease in transcriptomics. Each row includes the article title, author, publication year, strength score, and its key contribution to Parkinson's research. Titles explore topics like genetic risk loci, single-cell sequencing, transcriptomic perturbations, and gene expression analysis, with strengths ranging from 1.71 to 2.29.]

These references cover multiple research directions in Parkinson’s disease, including genetics, transcriptomics, cellular heterogeneity, disease progression, and data analysis, which are closely related to the molecular mechanisms, pathological processes, and potential therapeutic strategies of Parkinson’s disease. Additionally, they provide advanced data analysis tools, such as DESeq2, Limma, and g:Profiler, as well as single-cell RNA sequencing technology, offering crucial technical support for Parkinson’s disease transcriptomics research. These studies not only enhance the understanding of the complexity of Parkinson’s disease but also provide important scientific evidence for the development of new treatments and the improvement of clinical treatment efficiency.



3.7 Hotspots and Frontiers

Keyword co-occurrence analysis swiftly identifies research hotspots within a specific domain. Table 6 presents the top 20 most frequently occurring keywords in Parkinson’s disease transcriptomics research. Notably “Parkinson’s disease,” “Transcriptomic,” and “Neurodegeneration” have emerged more than 15 times highlighting the primary research focus within this field.



TABLE 6 Top 20 keywords on research of Parkinson’s disease in transcriptomics.
[image: Table listing the top twenty keywords related to neurodegenerative research, ranked by count. Parkinson's disease ranks first with fifty-eight counts, followed by transcriptomics with thirty-six. Other notable topics include neurodegeneration, Alzheimer's disease, and proteomics with varying counts.]

By filtering for keywords with occurrences of four or more and applying cluster analysis via VOSviewer, we visualized the relationships, where thicker lines between nodes indicate stronger connections. The analysis revealed five distinct clusters, each representing a research direction. The red cluster encompasses keywords such as “Aging,” “Metabolomics,” “Network analysis,” “Neurodegeneration,” and “Neurotoxicity,” mainly involving studies on the pathological mechanisms and disease progression of Parkinson’s disease. The green cluster encompasses terms like “Neurodegenerative disease,” “Parkinson disease,” “Proteomics,” “Rna - seq,” and “Transcriptomics,” primarily involving molecular - level research on Parkinson’s disease, including gene expression, proteomics, and transcriptomics analyses. The blue cluster features “Alzheimer’s disease,” “Huntington’s disease,” “Machine learning,” and “Parkinson’s disease,” mainly involving comparative studies of neurodegenerative diseases and the application of machine learning in these diseases. The yellow cluster centers on “Alpha - synuclein,” “Microglia,” and “Neuroinflammation,” mainly involving studies on neuroinflammation in Parkinson’s disease and research on specific proteins. Finally, the purple cluster includes “Rna sequencing” and “Substantia nigra,” mainly involving RNA - sequencing studies on specific brain regions in Parkinson’s disease. (Figure 6A)

[image: A network visualization map shows connections between terms related to Parkinson's disease, such as Alzheimer's disease, neurodegeneration, and transcriptomics. Lines and colors indicate relationships and clusters.  A trend topics chart illustrates the frequency of terms like disease, dysfunction, and neurons from 2014 to 2024, with circles representing term frequency.]

FIGURE 6
 An analysis of keyword clustering (A) and trend topics (B) within the domain of Parkinson’s disease transcriptomics research.


Trend topic analysis of these keywords (Figure 6B) indicates that from 2014 to 2020, research predominantly concentrated on “Parkinson’s disease,” “neurons,” “substantia nigra,” “expression,” and “activation.” Since 2020, there has been a marked shift towards exploring “Alzheimer’s disease,” “alpha synuclein,” “meta analysis,” and “mouse,” with a focus on keywords related to neurodegenerative diseases associated with Parkinson’s disease, specific proteins, analytical methods, and animal models.

Furthermore, the keywords “Parkinson’s disease,” “gene expression,” and “substantia nigra” have been consistently prominent over the last 5 years (2020–2024), suggesting that they are likely to represent current research hotspots in Parkinson’s disease transcriptomics. This analysis reveals an expansion of research focus from basic disease mechanisms to broader neurodegenerative diseases and multi - omics research areas, reflecting the interdisciplinary development trend of the field. This has significant implications for deepening our understanding of the pathological mechanisms of Parkinson’s disease and developing new treatments.




4 Discussion


4.1 General information discussion

This article quantitatively analyzes the research field of Parkinson’s disease and transcriptomics using bibliometric methods. From 2011 to March 2025, a total of 208 studies have been published, with an average annual publication rate of 29 articles between 2020 and 2023, showing a steady increase in the number of publications in 2023 and 2024. This indicates that the field has become one of the hot topics in neuroscience research and is expected to continue expanding and deepening in the coming years.

Publications have originated from 412 institutions across 39 countries, highlighting the global nature of this research area. The United States leads the national ranking with 53 publications, accounting for 25.5% of the total, followed closely by China with 33 publications (15.9%). Together, the United States and China contribute to approximately half of the total publications.

In terms of institutional rankings, the University of Luxembourg tops the list with 11 publications, followed by McGill University with 6. The collaboration network of these leading institutions demonstrates a trend of international cooperation, which is crucial for advancing scientific development, promoting knowledge sharing, and enhancing research efficiency and innovation capabilities.

Publications are spread across 106 journals, with “Molecular Neurobiology” and “Neurobiology of Disease” having the highest number of publications, while “Nature” is the most frequently cited journal. The journal network diagram reveals active citation relationships among “Neurobiology of Disease,” “Molecular Neurobiology,” and “NPJ Parkinson’s Disease,” indicating the close connections of Parkinson’s disease transcriptomics research with fields such as neuroscience, molecular biology, genetics, bioinformatics, and clinical medicine. Analysis of co-cited journals shows that these journals have broad influence and knowledge dissemination within the research field.

A total of 1,181 authors have contributed to Parkinson’s disease transcriptomics research, with Glaab, Enrico being the most prolific author and Braak, H being the most highly cited. This facilitates the rapid identification of key figures and teams within the field, fostering interdisciplinary collaboration.

There are 12,183 co-cited references that have been widely cited, revealing the solid academic foundation of this research area. Additionally, a burst analysis of 10 documents reveals that they cover various aspects such as genetics, transcriptomics, cellular heterogeneity, disease progression, and data analysis, which are closely related to the molecular mechanisms, pathological processes, and potential therapeutic strategies of Parkinson’s disease. They also provide advanced data analysis tools, offering crucial technical support for Parkinson’s disease transcriptomics research. Keyword co-occurrence analysis shows that terms like “Parkinson’s Disease,” “Transcriptomics,” and “Neurodegeneration” have emerged over 15 times, highlighting their status as major research directions.

Cluster analysis further reveals five research directions in this field: (1) Pathological mechanisms and disease progression: Aging is a key risk factor for Parkinson’s disease. Metabolomics and neurotoxicity research explore the pathological basis from the perspectives of altered metabolic pathways and neuronal damage caused by neurotoxins. Network analysis reveals interactions between genes and proteins, jointly advancing the in-depth exploration of Parkinson’s disease pathology with neurodegenerative studies. (2) Molecular—level research: Proteomics and transcriptomics are key methods for elucidating gene expression and protein changes, while RNA sequencing focuses on alterations at the RNA level. These technologies collectively provide core support for unraveling the molecular mechanisms of Parkinson’s disease. Future research should integrate multi - omics data to comprehensively elucidate the molecular basis of the disease. (3) Comparative studies and machine learning applications: Alzheimer’s disease, Huntington’s disease, and Parkinson’s disease are common neurodegenerative diseases. Comparative studies help deepen the understanding of commonalities and differences between diseases. Machine learning applications aid in data analysis and the development of more accurate disease prediction and classification models. (4) Neuroinflammation and specific proteins: Alpha - synuclein is a key pathological protein in Parkinson’s disease. Microglia play an important role in neuroinflammation, which exacerbates disease progression. Transcriptomic studies, through high - throughput sequencing, analyze gene expression changes in brain tissues of Parkinson’s disease patients, helping to reveal disease mechanisms and identify biomarkers and therapeutic targets. (5) RNA sequencing of specific brain regions: RNA sequencing is a key technology for studying gene expression. The substantia nigra is one of the most severely affected regions in Parkinson’s disease. Related studies provide important region - specific information for understanding the disease. Future research should expand to other relevant brain regions and combine single - cell sequencing technologies to more precisely elucidate cell - specific changes in the disease.

These directions encompass a diverse exploration from molecular mechanism investigation to potential therapeutic strategy development. Moreover, trend analysis indicates that from 2014 to 2020, research focused on themes such as transcriptomics, Parkinson’s disease, and neurodegeneration, while after 2021, research began to expand into emerging fields such as specific proteins, spatial transcriptomics, single - cell RNA sequencing, and biomarker discovery. Notably, the research focus in Parkinson’s disease and transcriptomics has shifted from basic disease mechanisms to broader neurodegenerative diseases and multi - omics research areas.



4.2 Research status

Bibliometric methods provide a more objective and systematic approach to research analysis compared to traditional literature reviews. This methodology excels in its capacity to handle and analyze extensive datasets, discern patterns and trends, and offer a macro perspective on the research domain of Parkinson’s disease and transcriptomics. This comprehensive view allows for a more holistic understanding of the current research landscape. Consequently, leveraging prior literature, the authors have delineated the advancements in Parkinson’s disease and transcriptomics research across pivotal areas such as gene expression, biomarkers, pathogenic mechanisms, therapeutic strategies, drug responses and personalized medicine, disease model development, and the utilization of emerging technologies.


4.2.1 Gene expression

Research emphasis is on critical brain regions including the substantia nigra, striatum, other forebrain areas, brainstem, and spinal cord, which are intimately connected with disease progression. Within the substantia nigra pars compacta, alterations in gene expression are associated with a pronounced reduction of dopaminergic neurons, indicative of neurodegenerative processes. The striatum, essential for dopaminergic signaling, shows gene expression changes linked to motor symptoms, whereas gene expression variations in forebrain regions like the frontal cortex correlate with cognitive impairments. Furthermore, gene expression shifts in the brainstem and spinal cord may be tied to the non-motor symptoms of Parkinson’s disease.



4.2.2 Biomarkers

The field of biomarker research is burgeoning, with an ongoing emergence of novel findings and potential clinical applications. These investigations are augmenting our comprehension of the disease’s mechanisms and introducing innovative tools and methodologies for clinical practice. As technology progresses and research intensifies, it is projected that biomarkers will become increasingly pivotal in the diagnosis, management, and prevention of Parkinson’s disease. The current focus on biomarkers is summarized as follows:

The discovery of these biomarkers aids in a better understanding of the molecular mechanisms of Parkinson’s disease and may provide new tools for disease diagnosis, treatment, and prognosis assessment. However, many potential protein biomarkers still require further clinical research to validate their effectiveness and reliability. With the advancement of mass spectrometry technology, it is anticipated that more novel biomarkers will be discovered and verified (Table 7).



TABLE 7 Biomarkers and diagnostic tools in Parkinson’s disease research.
[image: Table listing biomarkers and their descriptions for Parkinson's disease. Biomarkers include alpha-synuclein, dopamine transporter, cerebrospinal fluid, gene mutation, mitochondrial dysfunction, oxidative stress, neuroinflammation, metabolomics, proteomics, and imaging techniques. Each entry details their roles, such as protein aggregation, gene mutations, mitochondrial dysfunction, and others, in disease progression or diagnosis.]



4.2.3 Pathological mechanisms

Current research focuses on mechanisms such as the degenerative changes in dopaminergic neurons, α-synuclein aggregation, mitochondrial dysfunction, oxidative stress, neuroinflammation, protein homeostasis imbalance, neuro transmission and synaptic dysfunction, cellular autophagy and cell death, and perturbations in intercellular communication and network disturbances. As transcriptomics technology continues to advance, future research will more precisely elucidate the changes in these pathological mechanisms.



4.2.4 Therapeutic strategies

Research on therapeutic strategies is progressing with the aim of improving treatment efficacy for Parkinson’s disease, delaying disease progression, and enhancing the quality of life for patients. Treatment methods include: (1) Dopamine replacement therapy: Enhancing dopamine levels by supplementing dopamine precursors or agonists to improve motor symptoms. (2) Neuroprotective strategies: Protecting dopaminergic neurons from degenerative effects using brain-derived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF). (3) Anti-inflammatory treatment: Exploring anti-inflammatory drugs or small molecules to reduce neuroinflammation and protect neurons. (4) Cellular therapy: Utilizing stem cell or neural precursor cell transplantation to replace lost neurons. (5) Gene therapy: Applying gene-editing techniques (such as CRISPR/Cas9) or RNA interference technology to modulate gene expression related to the disease. (6) Immunotherapy: Exploring the use of immunomodulators or immune checkpoint inhibitors to influence the immunopathological processes of PD. (7) Cellular autophagy and protein clearance mechanisms: Clearing abnormal protein aggregates. (8) Mitochondrial protective agents: Improving mitochondrial function and reducing oxidative stress.



4.2.5 Drug response and personalized medicine

Due to significant individual differences in clinical manifestations, disease progression, and response to drug treatment among Parkinson’s disease patients, research on drug response and personalized medicine is of paramount importance. Pharmacogenomic studies can identify genetic markers and polymorphisms associated with responses to anti-Parkinson’s disease drugs to predict individual responses. Personalized medicine is primarily reflected in providing customized treatment plans based on patients’ genotypic and phenotypic differences. Additionally, the application of single-cell transcriptome sequencing technology helps understand the heterogeneity of different cellular subsets in Parkinson’s disease, offering new perspectives for disease classification, diagnosis, and treatment.



4.2.6 Disease model establishment

Existing literature indicates that human-induced pluripotent stem cells (iPSCs) technology can be used to differentiate into disease-relevant cell types for the establishment of in vitro disease models and drug screening. The popular single-cell RNA sequencing technology (scRNA-seq) reveals cellular heterogeneity among dopaminergic neurons in Parkinson’s disease, aiding in understanding disease mechanisms and therapeutic strategies. Animal models can also be induced using neurotoxins such as 6-OHDA and MPTP to mimic the pathological processes of Parkinson’s disease. Furthermore, gene-editing techniques (such as CRISPR/Cas9) can introduce Parkinson’s disease-related gene mutations into cells to establish disease models, helping to study the impact of specific genetic variations on disease phenotypes.



4.2.7 Application of emerging technologies

With the advancement of economic standards and technology, the development of emerging technologies provides new perspectives and tools for understanding disease mechanisms, diagnosis, and treatment. The authors have reviewed some key emerging technologies involved in the field of Parkinson’s disease and transcriptomics research, hoping to bring breakthrough progress in the treatment of Parkinson’s disease (Table 8).



TABLE 8 Emerging technologies in Parkinson’s disease research and their applications.
[image: A table listing emerging technologies related to Parkinson’s disease research. It includes twelve technologies: single-cell RNA sequencing, spatial transcriptomics, long-read sequencing, CRISPR/Cas9 gene editing, artificial intelligence and machine learning, multi-omics integration, microfluidics and single-cell analysis, optogenetics, nanotechnology, wearable and mobile health devices, 3D cell culture and organ-on-a-chip, and computational and systems biology. Each technology has a description detailing its application and contribution to understanding or treating Parkinson’s disease.]




4.3 Critical evaluation of research gaps in Parkinson’s disease transcriptomics

While transcriptomic studies have provided valuable insights into the molecular mechanisms of PD, several critical research gaps remain unaddressed. One of the most significant challenges is the lengthy and high-failure-rate process of biomarker validation. Despite numerous promising biomarkers identified in laboratory settings, their translation to clinical applications is often hindered by the lack of robust validation frameworks and standardized methodologies. Biomarker validation requires multi-step processes, including preclinical testing, clinical trials, and regulatory approval, each of which presents unique challenges and high attrition rates (Hussein et al., 2023; Kim et al., 2014).

Another critical issue is the heterogeneity of transcriptomic data across studies. Differences in sample collection, RNA extraction protocols, and data analysis methods lead to inconsistent results, making it difficult to compare findings across studies and hindering the validation of potential biomarkers in independent cohorts (Huang et al., 2021; Alharbi et al., 2024). This heterogeneity is further exacerbated by small sample sizes, which fail to capture the full spectrum of disease variability and limit the statistical power of analyses.

Moreover, the lack of standardized experimental protocols and analytical frameworks remains a significant barrier to progress. While methods for integrating single-cell RNA sequencing with spatial transcriptomics have advanced, fewer tools exist for incorporating epigenomic data, which could provide critical insights into regulatory mechanisms underlying disease pathogenesis (Luo et al., 2024; Danishuddin and Kim, 2024). The development of novel computational tools and standardized workflows is essential to address these challenges and enhance the comparability and reproducibility of transcriptomic studies.

A notable gap lies in the underrepresentation of non-motor symptom (NMS) research in PD transcriptomics. Over 80% of studies focus on motor symptom pathways, despite the profound impact of NMS—such as cognitive impairment, mood disorders, sleep disturbances, and autonomic dysfunction—on patient quality of life. For example, plasma orexin-A concentrations have been linked to NMS severity in PD patients, suggesting its potential as a biomarker, yet the molecular pathways driving these associations remain unexplored (Huang et al., 2021). Similarly, dysregulation of GABAergic neurotransmission has been implicated in both motor and non-motor symptoms, but transcriptomic studies rarely investigate these pathways in the context of NMS (Alharbi et al., 2024). Genetic factors, such as LRRK2 variants, further complicate NMS progression, yet transcriptomic analyses of genotype–phenotype interactions in non-motor domains are scarce (Deng et al., 2019). Additionally, the lateralization of motor symptoms has been shown to influence non-motor outcomes post-intervention (e.g., deep brain stimulation), highlighting the need for integrated studies examining spatial transcriptomic patterns and their relationship to symptom asymmetry (Voruz et al., 2022).

Future research should focus on overcoming these limitations by prioritizing the development of robust biomarker validation frameworks, improving standardization of experimental protocols, and advancing computational tools for multi-omics data integration. Expanding research to address underrepresented areas is critical, for instance, integrating epigenomic data to explore regulatory mechanisms of NMS, leveraging spatial transcriptomics to map cellular interactions in brain regions associated with cognitive or autonomic dysfunction, and conducting large-scale longitudinal studies to capture dynamic transcriptomic changes linked to NMS progression. Such efforts will provide a more comprehensive understanding of PD’s molecular landscape and pave the way for personalized therapeutic strategies that address both motor and non-motor dimensions of the disease.



4.4 Future research directions

The field of Parkinson’s disease and transcriptomics is rapidly advancing, encompassing the entire spectrum from fundamental molecular mechanism exploration to clinical treatment applications. This underscores the importance of interdisciplinary collaboration and the potential of emerging technologies to propel research and therapeutic advancements. As these technologies progress and are applied, they are expected to bring groundbreaking progress to various research directions in the field of Parkinson’s disease and transcriptomics, including pathological mechanisms, early diagnosis, personalized treatment, drug development, disease management, and emerging technologies. The specifics are as follows (Figure 7).

[image: Colorful infographic shaped like a star with six segments labeled: 01 Pathomechanis, 02 Early diagnosis, 03 Individual-based treatments, 04 Drug development, 05 Disease management, and 06 Emerging technologies. Each segment has a related icon.]

FIGURE 7
 A synthesized overview of the research directions in the field of Parkinson’s disease transcriptomics.



4.4.1 Pathological mechanisms

Multi-omics integration: Combine spatial transcriptomics with epigenomic, proteomic, and metabolomic datasets to unravel cell-type-specific pathways (e.g., dopaminergic neuron vulnerability) and microenvironmental interactions (e.g., neuroinflammation in the substantia nigra) (Titova et al., 2017; Dorsey et al., 2018; Luo et al., 2024; Danishuddin and Kim, 2024).

NMS focus: Expand beyond motor-centric studies to map transcriptomic changes in brain regions linked to cognitive impairment (e.g., prefrontal cortex) and autonomic dysfunction (e.g., locus coeruleus), leveraging single-nucleus RNA-seq to resolve cellular subpopulations (Bloem et al., 2021; Armstrong and Okun, 2020; Keo et al., 2021; Fereshtehnejad et al., 2019).



4.4.2 Early diagnosis

Liquid biopsy development: Validate minimally invasive biomarkers (e.g., plasma orexin-A, exosomal miRNAs) through longitudinal cohort studies, integrating AI-driven analysis of transcriptomic data with wearable device metrics (Bloem et al., 2021; Huang et al., 2021; Voruz et al., 2022).

Pre-symptomatic detection: Investigate transcriptomic signatures in prodromal PD cohorts (e.g., REM sleep behavior disorder patients) to identify predictive biomarkers (Fereshtehnejad et al., 2019; Deng et al., 2019).



4.4.3 Personalized treatment

Pharmacogenomic stratification: Use transcriptomic profiles to predict drug responses (e.g., L-DOPA efficacy fluctuations) and tailor therapies for genetic subtypes (e.g., LRRK2 or GBA mutation carriers)(Keo et al., 2021; Deng et al., 2019; Lang et al., 2019).

NMS-targeted therapies: Develop interventions addressing GABAergic dysregulation or orexinergic signaling imbalances identified through transcriptomic studies of non-motor pathways (Bloem et al., 2021; Armstrong and Okun, 2020; Alharbi et al., 2024).



4.4.4 Drug development

High-throughput screening: Apply CRISPR-based transcriptomic perturbation screens to identify novel targets (e.g., neuroprotective genes in glial cells) and repurpose existing drugs (Lang et al., 2019; Kriks et al., 2011).

Organoid and animal models: Validate targets using patient-derived iPSC models with spatial transcriptomic resolution to mimic PD pathology in vitro (Agarwal et al., 2020; Smajić et al., 2022).



4.4.5 Disease management

Digital health integration: Build federated databases linking transcriptomic data with real-world outcomes (e.g., DBS efficacy, cognitive decline trajectories) to enable AI-powered predictive models (Fereshtehnejad et al., 2019; Voruz et al., 2022).

Global patient registries: Incorporate diverse ethnic and socioeconomic cohorts to ensure biomarker and therapeutic applicability across populations (Nalls et al., 2019; Blauwendraat et al., 2020).



4.4.6 Emerging technologies

Spatial multi-omics: Deploy MERFISH or Slide-seq to map RNA-protein interactions in PD-affected tissues, uncovering spatially resolved regulatory networks (Titova et al., 2017; Dorsey et al., 2018; Bellou et al., 2016).

AI-driven drug discovery: Train deep learning models on transcriptomic datasets to predict drug-disease interactions and optimize combinatorial therapies (Armstrong and Okun, 2020; Ma et al., 2021; Danishuddin and Kim, 2024).

Ethical and accessible innovation: Ensure equitable access to advanced technologies (e.g., low-cost single-cell sequencing platforms) in resource-limited settings (Mattsson-Carlgren et al., 2020; Priem et al., 2010).





5 Limitations of research

Our bibliometric study has the following limitations that warrant cautious interpretation of the results:


5.1 Language and database coverage bias

The exclusive reliance on English-language literature from the Web of Science Core Collection may introduce selection bias. Publications in non-English journals (e.g., Chinese, German) or regional databases (e.g., CNKI, SciELO) were excluded, potentially underrepresenting contributions from non-Anglophone countries. Additionally, the WoSCC’s journal inclusion criteria favor established Western journals, which may overlook emerging research from developing regions.



5.2 Temporal and citation biases

Recently published high-impact studies (e.g., spatial transcriptomics articles post-2022) are likely underrepresented due to the “citation lag” phenomenon, as novel findings require time to accumulate citations. Conversely, older publications with methodological limitations might be overrepresented due to prolonged citation cycles.



5.3 Metric-driven distortions

The reliance on citation-based metrics (e.g., citation counts, H-index) inherently prioritizes studies from high-profile journals or influential teams, amplifying the “Matthew effect” in academic visibility. While these metrics are widely used, they may inadequately reflect scientific quality or clinical relevance. For instance, methodologically rigorous studies—including those reporting negative results (e.g., failed biomarker validations (Mattsson-Carlgren et al., 2020)) or incremental technical advances—often receive limited citations compared to hypothesis-driven “hot topics” (e.g., α-synuclein). This bias is further exacerbated by preferential citation practices within high-impact journal networks and self-citation cartels, which artificially inflate the perceived significance of certain works. To address these limitations, future bibliometric studies should triangulate traditional citation data with alternative metrics such as altmetrics (Priem et al., 2010) (e.g., social media engagement), clinical trial registrations, and mentions in clinical guidelines. Such an integrative approach would provide a more balanced assessment of translational impact and real-world relevance, ensuring that both foundational methodological contributions and clinically actionable findings are appropriately recognized.



5.4 Technical heterogeneity

Transcriptomic methodologies (e.g., bulk RNA-seq vs. single-cell sequencing) vary significantly across studies, complicating direct comparisons. Platform-specific biases (e.g., 3′-end bias in scRNA-seq) and batch effects were not accounted for in our analysis, potentially masking critical technical confounders.




6 Conclusion

This study represents the first comprehensive bibliometric analysis of transcriptomics research in PD, systematically mapping the evolution of knowledge structures, research hotspots, and global contributions in this field. By analyzing 208 publications spanning from 2011 to 2025, we identified a surge in research activity since 2020, driven by advancements in single-cell sequencing, spatial transcriptomics, and multi-omics integration. Key journals such as Nature Communications and NPJ Parkinson’s disease emerged as central hubs for knowledge dissemination, while institutions in the United States and China demonstrated leading productivity. Keyword and citation analyses further highlighted growing interests in neuroinflammation, biomarker discovery, and machine learning applications, reflecting a shift from mechanistic studies toward translational and interdisciplinary approaches.

Despite these advancements, critical challenges remain. Our analysis underscores persistent heterogeneity in transcriptomic data across studies, stemming from inconsistent experimental protocols and analytical frameworks. Such variability complicates biomarker validation—a process already hindered by high attrition rates in clinical translation. Additionally, reliance on citation-based metrics may inadvertently amplify the visibility of hypothesis-driven studies over methodologically rigorous but less-cited work, such as negative results or technical validations. These limitations highlight the need for standardized protocols, robust validation pipelines, and alternative impact metrics that prioritize clinical relevance.

Looking forward, we propose three strategic directions to propel the field:


6.1 Technological integration

Combining single-cell and spatial transcriptomics with epigenomic and proteomic datasets will provide a holistic view of PD pathology, enabling the identification of cell-type-specific pathways and microenvironmental interactions. For instance, leveraging spatial transcriptomics to map cellular dynamics in brain regions linked to non-motor symptoms (e.g., locus coeruleus for autonomic dysfunction) could uncover novel regulatory networks.



6.2 Global Collaboration

Establishing multinational consortia to harmonize data collection, share biospecimens, and validate biomarkers across diverse cohorts is essential to mitigate data fragmentation and enhance reproducibility. Emphasis should be placed on underrepresented populations (e.g., Asian or African cohorts) to address genetic and phenotypic heterogeneity.



6.3 Clinical translation

Prioritizing studies that link transcriptomic signatures to longitudinal clinical outcomes—such as non-motor symptom progression (e.g., cognitive decline, sleep disturbances) or deep brain stimulation efficacy—will bridge the gap between bench discoveries and bedside applications. Emerging tools like wearable devices and AI-driven analytics offer unprecedented opportunities to contextualize omics data within real-world patient trajectories.

By addressing these challenges through interdisciplinary innovation and international cooperation, PD transcriptomics can transition from a rapidly expanding field to one that delivers actionable insights for early diagnosis, personalized therapies, and ultimately, disease modification. The integration of cutting-edge technologies with clinically grounded frameworks will be pivotal in transforming scientific promise into tangible patient benefits.
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n correlation  Tinetti balance and gait score

i p- Adjusted
value  p-value'

Age -0.11 0.068 0.086
Disease duration (years) -005 0.024 0035
Levodopa equivalent daily dose ~0402 | <0.0001 0.001
(mg/day)

UPDRS total score ~0746 | <00001 0.001

APA parameters on CoP displacement

APAs duration (s)

APAL(5) o1 0.26 0297
APA2a (s) ~0.448 <0.0001 0.001
APA2D (5) ~0.304 0.002 0005
LOC () -402 <0.0001 0001

APAslength (cm)

APAI (cm) 0315 0.001 0.004
APA2a (cm) ~0.05 0.61 061
APAZD (cm) 018 0.07 0.086
LOC (cm) 019 0.06 0078
APAs velocity (cm/s)

Mediolateral direction (X)

APAL (X) (cm/s) 0.294 0.003 0.006
APAZa (X) (cm/s) 0325 0.001 0003
APAZD (X) (cms) 0.246 0.013 0021
LOC (X) (cm/s) 037 <0.0001 0001

Anteroposterior direction ()

APAI (Z) (emls) 0.10 033 035
APAZ (Z) (cmls) 0252 001 002
APA2b (Z) (cm/s) 0335 0.001 0.003
LOC(Z) (em/s) 0.11 029 032

UPDRS, Unified Parkinson’ Disease Rating Scales 2= Track velocity (m/s) in the segments in
the anteroposterior direction; x=Track velocity (my/s) in the segments and in the mediolateral
direction; = Adjusted p-value s calculated by Benjamini-Hochberg false discovery rate.
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Univariable® Model

Regression coefficient Standard error Fpartial
Constant 3129 0932 <0.0001
UPDRS total score (off-state) -0219 0.029 ~0.640 1352 <0.0001
APAZa (5) ~7.186 3132 ~0211 1352 0.024

= Significant univariable included LEDD, UPDRS total score, disease duration, APA2a (s), APA1 (m), APA2b (m), APA1 (X) (m/s), APA2a (X) (m/s), APA2b (X) (m/s), APA2a (Z) (m/s),
APAb (2) (m/s), LOC (5) and LOC (X) (m/s). APA, Anticipatory postural adjustment; LEDD, levodopa equivalent daily dose; UPDRS, Unified Parkinson's Disease Rating Scale; VIF, variance
inflation factor. Model: R* =0.54. Predictors in the model: constant, UPDRS total score (off-state), APA2a (s).
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The effect of the APA2a () on the Tinetti balance and gait score -19.76 3428
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Patients (n = 110)

Age, years 68,1497
Sex (men/women) 55/55
Body mass index (kg/m?) 251442
Disease duration, years 53245
UPDRS total score (off-state) 3112151
UPDRS I (Mentation, behavior, and mood) 17214
UPDRS 11 (ADL score)

UPDRS 111 (motor score) 178495
UPDRS IV (motor complications) 17515
Hoehn and Yahr Staging 21209
LEDD (mg/day) 809.2£571.8
Tinetti balance and gait score (off-state) 23457

UPDRS, Unified Parkinsonis Disease Rating Scale; ADL, activity of daily livings LEDD,
Levodopa equivalent dose.
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PD (n=110) healthy p-value

volunteers
(n=30)

APAs duration (s)

APAIL(s) 0.56(0.24) 055 (0.18) 023
APA2a (s) 0.31(0.16) 020 (0.08) 0.003
APA2b (s) 0.18(0.07) 0.14 (0.04) 0.005
LOC(s) 0.78(0.18) 067 (0.13) 0.003

APAslength (m)

APAI (cm) 262(1.27) 4.92(1.49) <0.0001
APA2a (cm) 5.18(2.02) 697 (269) <0.0001
APA2b (cm) 5.62(1.68) 6.24(1.88) 090

LOC (cm) 14.55 (1.89) 1551 (1.75) 0.014

APAs velocity (m/s)

Mediolateral direction (X)

APAL (X) (cm/s) 3.64(2.19) 6.64(3.3) <0.0001
APA2a (X) (em/s) 10.03 (4.55) 16.1 (6.49) 0.015
APAZb (X) (cm/s) 9.36 (5.65) 1294(8.52) 0.96
LOC (X) (cm/s) 1951 (5.49) 2371 (566) <0.0001

Anteroposterior direction (Z)

APAL(Z) (cmls) 423(238) 678 (3.67) 0.001
APA2a (Z) (emls) 1675 (10.17) 3219 (13.46) <0.0001
APA2b (Z) (cm/s) 3362 (11.31) 46.66 (15.07) 0.009
LOC (2) (cm/s) 290 (2.0) 284(2.39) 089

2="Track velocity (m/s) in the segments in the anteroposterior direction; x= Track velocity
(m/s) in the segments and in the mediolateral direction.





OPS/images/fneur-16-1499640/fneur-16-1499640-e003.jpg
Eir





OPS/images/fneur-16-1499640/fneur-16-1499640-e001.jpg
Balance;, = fiy + yAgey + ByGender, + ByBMI, + fyResidence;, +
fsEducational level, + figMarital status;, +
fySmoking;, + fyDrinking;, + foFalls; +
PioHeavy physical activities;, +
i Moderate physical activities;, +
PaLight physical activities;, + §;3Depression;, +
PuaDisability;, + fsPhysical painy, +
PisHypertension;; + fy;Diabetes;, +
gDyslipidemia;, + fgHeart disease;; +
PaoStroke;; + faCancer; + &





OPS/images/fneur-16-1499640/crossmark.jpg
©

2

i

|





OPS/images/fnagi-17-1510654/fnagi-17-1510654-t003.jpg
Model CDAI group HR! 95% CIt

Model 4
Q = =
Q 056 037,085 0.007%%
Q@ 064 038,107 0.088
Model 5 0.025%
Q1 - -
Q2 058 035,093 0.047%
Q3 0.54 0.32,090 0.025%
Model 6 0.017%
Q - -
Q 056 035,089 0.015*
@ 053 031,090 0.018*

'HR, Hazard Ratio C1, Confidence Interval. Model 4: no confounding factors were adjusted. Model 5: adjusted for Age, Gender, Hypertension, Diabetes. Model 6 adjusted for Age, Gender,
Hypertension, Diabetes, Fasting blood glucose levels, ALT, BMI, Triglyceride and Total cholesterol. *p < 0.05, **p < 0.01. p < 0.05 was considered statisically significant.
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Model CDAI group OR! 95% CI*
Model 1

Q1 - -

Q 068 050,094 0.020%

Q3 0.69 051,093 0.015%
Model 2 0.047%

Q - E

Q 069 050,095 0,035

Q 072 054,098 0.025*%
Model 3 0.049%

Ql - -

Q 0.70 051,096 0.027%

Q3 072 054,098 0.035*

‘OR, Odds Ratio; CI, Confidence Interval. Model 1: No confounding factors were adjusted. Model 2: Adjusted for Age, Gender, Hypertension, Diabetes. Model 3: Adjusted for Age, Gender,
Hypertension, Diabetes, Fasting blood glucose levels, ALT, Creatine, Triglyceride and Total cholesterol. *p < 0.05, p < 0.05 was considered statistically significant.
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Characteristic Overall N = 34,133 Non-PD N = 33,623 PD N = 510 (1.4%)*

(100%)? (99%)?

Age (Years) 34133 57(43,68) 57(43,68) 59 (47,75) <0.001%
Gender 34133 0.015%

Female 18,079 (55%) 17,787 (55%) 292(62%)

Male 16,054 (45%) 15,836 (45%) 218 (38%)
Race 34133 0700

Mexican American 3910 (6%) 3873 (6%) 37 (5%)

Other Hispanic 3,139 (4%) 3,096 (4%) 43 (6%)

Non-Hispanic White 17,036 (73%) 16,707 (73%) 329 (74%)

Non-Hispanic Black 6,864 (10%) 6,798 (10%) 66 (9%)

Other race 3,184 (7%) 3,149 (7%) 35 (6%)
PIR 34133 273 (1.41,4.88) 275 (1.41,4.92) 203 (1.11,3.09) <0.001%
Education 34133 <0.001%

<High School 8,998 (17%) 8,850 (17%) 148 (25%)

High School or some College 18,110 (55%) 17,837 (55%) 273 (55%)

College or above 7,025 (27%) 6,936 (27%) 89 (20%)
Smoking 34133 0.031¢

No 16,766 (50%) 16,527 (50%) 239 (44%)

Yes 17,367 (50%) 17,096 (50%) 271 (56%)
Drinking 34133 0.200

No 10,205 (26%) 10,038 (26%) 167 (30%)

Yes 23,928 (74%) 23,585 (74%) 343 (70%)
Hypertension 34133 0.400

No 12,604 (43%) 12,408 (43%) 196 (40%)

Yes 21,529 (57%) 21,215 (57%) 314 (60%)
Diabetes 34133 0054

No 21,952 (72%) 21,579 (72%) 373 (77%)

Yes 12,181 (28%) 12,044 (28%) 137 (23%)
BMI (kg/m?) 34133 2920 (25.20,34.17) 2920 (25.20,34.20) 2951 (24.40, 33.50) 0.400
Creatinine (mg/dL) 34,133 086 (0.73,1.02) 086 (0.73,1.02) 0.88 (076, 1.05) 0.016*
Albumin (g/L) 34,133 42,00 (40.00, 44.00) 42,00 (40.00, 44.00) 41,00 (39.00, 43.00) 0.002%%
ALT(U/L) 34,133 2100 (16.00, 28.00) 2100 (16.00, 28.00) 19.00 (14.00, 25.00) <0.001%
AST(U/L) 34,133 23,00 (19.00, 27.00) 23,00 (19.00, 27.00) 23.00 (19.00, 27.00) 0900
Total bilirubin (umol/L) 34,133 10.26 (8.5, 13.68) 10.26 (8.5, 13.68) 8.5 (6.84,11.97) <0.001%
Triglycerides (mmol/L) 34133 124(0.86,1.81) 123 (0.86,1.81) 151(1.30,151) <0.001%
Total cholesterol (mmol/L) 34,133 476 (4.09,5.48) 476 (4.09,5.48) 482(427,572) 0.009%*
Glycosylated hemoglobin (%) 34,133 560 (5.30,6.10) 560 (5.30,6.10) 560 (5.30,6.10) >0900
Fasting blood glucose (mmol/L) 34133 5.77(5.27,6.55) 5.77(5.27,6.55) 6.62(5.72,6.62) <0.001%*
Systolic pressure (mmHg) 34133 123.(113,135) 123(113,135) 122(110,135) 0,800
Diastolic pressure (mmHg) 34133 69(62,77) 69(62,77) 69(63,77) 0300
Vitamin A (meg) 34133 ~0.04(~0.45,0.53) ~0.04(~0.45,0.53) ~0.04 (<054, 0.50) 0300
Vitamin C (mg) 34133 ~0.17 (~0.44,0.26) ~0.17 (~0.44,026) ~0.18 (~0.49,0.30) 0500
Vitamin E (mg) 34,133 0.06(~0.39,0.63) 0.06(~0.39,0.63) ~0.12(<051,049) <0.001%*
Selenium (meg) 34,133 0.02(~0.28,0.52) 0.02(~0.28,0552) ~0.04(~0.45,0.33) <0.001%
Zinc (mg) 34,133 0.18(~0.28,0.69) 0.18(~0.28,0.69) 0.03(~0.44,061) 0.010¢
Carotenoids (meg) 34133 ~0.17 (~0.52,051) ~0.17 (~0.52,051) ~0.32(~0.62,039) 0.002#*
CDAI 34133 072(-1.29,3.17) 073 (~1.28,3.18) 0.09 (~1.87,271) 0.012¢

'N not Missing (unweighted). Median (IQR) for continuous; 1 (%) for categorical. "Wilcoxon rank-sum test for complex survey samples; chi-squared test with Rao-and Scott’ second-order correction. PIR, Ratio of family income to poverty; BMI, Body mass index;
AL, Alanine aminotransferase; AST, Aspartate aminotransferase; CDAIL, Composite Dietary Antioxidant Index; PD, Suffeing from Parkinsons discase; Non-PD, Not sufering from Parkinsonis discase. *p < 0.05, *#p < 0.01. p < 0.05 was considered statistically
significant.
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Diagnostic groups Predict AUC Sensitivity (%)
MSA-Pvs. HC Left caudate 0838 792
Right caudate 0827 875 667
Left putamen 0798 792 741
Right putamen 0827 708 815
PD vs. HC Left caudate 0708 9.1 519
t caudate 0685 794 6.0
Left putamen 0736 618 852
Right putamen 0655 912 407
MSA-Pvs. PD Left caudate 0772 542 97.1
Right caudate 0678 625 706
Left putamen 0566 500 706
Right putamen 0680 875 500

fALFE, fractional amplitude of low-frequency fluctuation; MSA-P, parkinsonian variant of multiple system atrophy; PD, Parkinsons Disease; HC, healthy controls; AUC, area under the curve.
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Characteristics MSA- PD HC

Number, n 2 3 27 -
Age, years 55.04£6.11 5150£8.40 50.2646.85 0061
Sex, male/female 1509 1717 116 0299
Education, years 1296343 1197357 1233266 0675
MoCA score 25544193 25354274 2673+ 180 0070
Disease duration, years 167£064 150£079 - 0659
HAMD score 4834336 3384237 - 0544
HAMA score 5256371 4972344 - 1.000
UMSARS-T score 10172284 - - -
UMSARS-IT score 1446372 - - -
UPDRS-1II score - 2615£8.78 - -
H&Y stage - 156:£0.47 - -
LEDD, mg/d 35226420881 290.56:+196.96 - 0.193

MSA-P, parkinsonian variant of multiple system atrophy; PD, Parkinson's Disease; HC, healthy controls; MoCA, the Montreal Cognitive Assessment; HAMD, the 24-item Hanilton Depression
Rating Scale; HAMA, the Hamilton Anxiety Rating Scale; UMSARS, Unified Multiple System Atrophy Rating Scale; UPDRS, Unified PD Rating Scale; H&Y, Hochn & Yahr; LEDD, levodopa
equivalent daily dose.
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Exposure F- Inverse variance Weighted median

statistics weighted
OR Cl pval OR Cl pval

CAT 13 0.107 27478 1015 0923~ 0765 | 1031 | 0909- 0638 0962 0716~ 0801
1116 1168 1292

G-Px 12 0175 50.695 0945 0877- 0147 0961 | 0874~ 0415 0929 0815~ 0230
1020 1057 1.060

SOD 13 o4 27131 099 0909- 0939 0973 | 0854~ 0675 0905  0731- 0375
1093 1.108 1119

Vit A 7 0003 23.405 0666 0361- | 0193 0614 | 0280~ 025 0529  0dl5- 0451
1229 1350 2434

Vit.C 10 0014 2793 0837 0653- 0163 0897 | 0641- 0524 0476 0212 0109
1074 125 1066

Vit E 12 0.004 2148 0711 0397- 0252 0570 | 0299~ 00875 061 042l- 0565
1274 1086 3.097

Vit BI2 8 0002 2253 0627 0347- | 0123 0608 | 0269- 0233 0526 0105~ 0463
1134 1376 2628

Folate 14 0005 21817 0869 0550~ 0549 0885 | 0472~ 0704 L047 0390~ 0929
1374 1659 2808

copper 6 0.080 35180 1039 0925- 0517 | L0% | 0970- | 0140 0865  071l- 0219
1168 1238 1052

zinc 7 0.100 33.106 1107 1013~ 0025 | L1366 | 1003- 0044 1064 075 0739
1211 1286 1504

Tron! 10 0038 84099 0993 0857~ 0931 0994 | 0812 033 0874 0704~ 0258
1152 1074 1086

Tron® 13 0,005 2575 0721 0464~ | 0144 0700 | 0380- 0252 0402 012~ 0162
1119 1290 1325

7 proportion of variance in exposure variable explained by SNPs; F-statistics, “strength” of the instrumental variable. 'GWAS data sources: htpsi//gwas micieu.ac.uk/datasets/ieu-a-1049.
WAS data sources: https://gwas. mrcieu.ac.uk/datasets/ukb-b-20447/. CAT, Catalase; G-Px, Glutathione peroxidases; SOD, Superoxide dismutase; Vit. A, Vitamin A; Vit, C, Vitamin C; Vit E
itamin E; Vit. B12, Vitamin B12.
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Outcome [ Inverse variance Weighted median

statistics weighted
OR Cl pval OR Cl pval

CAT 2 0201 4475823 0951 0881~ 0190 0949 0854~ 0331 1017 | 0848~ 0854
1025 1054 1221

G-Px 2 0201 4475.823 1024 0944~ 0571 | 1007 | 0899- 0902 | L2 0923 0264
1110 1128 1361

SOD 2 0201 4475.823 0989 | 0915~ | 0773 0966 0862~ 055 | 0974 0084 0787
1.068 1.083 1179

Vit. A 2 0201 4475823 0992 0974~ 0405 0987 | 0962- 0314 | 0990 = 0945~ 069
1010 1013 1038

Vit.C 15 0120 3908796 1010 0966~ 0675 | 1010 0951- 0738 | 0971 0863~ 0632
1055 1073 1092

Vit E 2 0201 4475.823 0988 0967- | 0264 0995 0968~ 069 | 1008 0954~ 0780
1.009 1022 1065

Vit BI2 2 0201 4475823 0998 | 0977- | 0857 0989 | 0965- 0411 | 097 0926~ 0413
1020 1015 1031

Folate 2 0201 4475.823 099 0982~ 0922 0999 0974~ 0950 | 0980 097~ 0373
1017 1025 1024

Copper n 0.09% 4265.144 0908 079 0141 0885 0748~ 0156 | 0881 0645~ 0448
1032 1048 1204

Zine 1 0,096 4265.144 1034 0931- 0600 | 0988 0832~ 0893 | 0931  0689- 0657
1170 1174 1260

Tron! 10 0075 3650035 1015 0965- 0562 | 1022 0957~ 0610 | 1079 0903~ 0426
1.068 1092 1290

Tron® 2 0201 4475.823 1002 0985~ 0813 | 1002 0979- 0849 0978  097- 032
1019 1026 1021

7 proportion of variance in exposure variable explained by SNPs; F-statistics, “strength’ of the instrumental variable. 'GWAS data sources: htps//gwas.mrcieu.ac.uk/datasets/ieu-a- 10491,
WAS data sources: https://gwas. mrcieu.ac.uk/datasets/ukb-b-20447/. CAT, Catalase; G-Px, Glutathione peroxidases; SOD, Superoxide dismutase; Vit. A, Vitamin A; Vit. C, Vitamin C; Vit E
itamin E; Vit. B12, Vitamin B12.
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exposure
Cathepsin B
Cathepsin E
Cathepsin F
Cathepsin G
Cathepsin H
Cathepsin O
Cathepsin S
Cathepsin L2
Cathepsin Z

pval
0.002
0.165
0.138
0.262
0.354
0.185
0.453
0.422
0.838

h{lllffflfi

protective factor risk factor

OR(95% Cl)
0.888 (0.823 t0 0.957)
1.094 (0.964 to 1.242)
0.931 (0.846 t0 1.023)
1.064 (0.955 to 1.185)
1.026 (0.971 10 1.083)
1.106 (0.952 to 1.285)
0.976 (0.918 10 1.039)
0.950 (0.840 to 1.076)
0.990 (0.904 to 1.085)
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Study

IPDGC
FinnGen

Random effects model

Heterogeneity: / 2= 0%,

2

PD Case

33674
4681

38355

, p = 0.491

Control

449056
407500

856556

0dds Ratio OR  95%Cl  Weight
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Trait name Data sources Populati Samplesize PMID IEU Trait ID
Cathepsin B ‘The INTERVAL study European 3301 29,875,488 prot-a-718
Cathepsin E ‘The INTERVAL study European 3301 29,875,488 prot-a-720
Cathepsin F ‘The INTERVAL study European 3,301 29,875,488 prot-a-722
Cathepsin G ‘The INTERVAL study European 3,301 29875488 prot-a-723
Cathepsin H ‘The INTERVAL study European 3301 29,875,488 prot-a-725
Cathepsin O ‘The INTERVAL study European 3301 29,875,488 prot-a-726
Cathepsin§ ‘The INTERVAL study European 3,301 29875488 prot-a-727
Cathepsin 1.2 ‘The INTERVAL study European 3301 29,875,488 prot-a-728
Cathepsin Z ‘The INTERVAL study European 3301 29,875,488 prot-a-729
Parkinson's Disease  International Parkinson's Disease | European 482,730 31,701,892 Teu-b-7

Genomics Consortium
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Outcom Exposul Method nsnp OR Cl 95% ICI 95% pval
Parkinsons disease Cathepsin B Inverse variance weighted 19 0921 0.860 0.987 0.020
Parkinson's disease Cathepsin B MR Egger 19 0950 0.807 118 0545
Parkinson's disease Cathepsin B Weighted median 19 0931 0835 1039 0.201
Parkinsons disease Cathepsin B Weighted mode 19 0928 0824 1044 0229

nsnp, number of SNP; LCI, lower confidence interval; UCL, upper confidence interval; pval, p value.
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Variable

Age

Gender
BMI

Residence

Educational level

Marital status

Smoking

Drinking

Falls

Heavy physical activities

Moderate physical activities

Light physical a

Depression

Disability

Physical pain

Hypertension

Diabetes

Dyslipidemia

Heart disease

Stroke

Cancer

Category
45-65 years

265 years

Female

Male

BMI

Rural

Urban

Primary school and below
Junior high school

Senior high school and above
Others

Married

Never

Past smoking

Current smoking

Never

Past drinking

Current drinking

Yes

Coefficient

0.604

~0.011

0.054

~0.178

~0.033

0161

~0.545

~0.040

~0.044

0.058

~0.262

0.438

0.306

0514

0218

~0.268

0.108

~0.303

~0.309

0110

0281

~0.154

0379

SD

0139

0177
0.008

0130

0.163
0216

0143

0188
0.189

0184

0153

0124

0170

0.140

0.130

0124

0139

0139

0130

0.140

0135

0351

3420

~1350

0420

~1.090

~0.150

1130

~2.890

~0210

—0240

0.380

-2110

2570

2180

3.950

1760

-1920

0.780

-2340

-2210

0820

2220

-1120

1080

0001

0177

0677

0275

0.880

0259

0.004

0832

0812

0.704

0035

0010

0029

<0001

0079

0055

0437

0019

0027

0413

0026

0262

0280

OR

0716

1829

0.989

1056

0.837

0.968

1175

0.580

0.961

0.957

1.060

0.769

1550

1358

1672

1243

0.765

L4

0738

0734

L7

1324

0.857

1

1461

BMI: body mass index. SD i the standard deviation of the coeffcient " i the chi-squared statistic for testing the significance of the variable. P s the p-value for the hypothesis test,indicating
the statistical significance of each variable. OR indicates the odds of the outcome occurring for each category relative to the reference category.
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Balance

Balance 1
Age -0.123
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Smoking 0051
Hypertension  —0.093%**
Diabetes ~0.071%%
HPA 0.148%+
MPA 0.156%+
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#, %%, %% represent significance levels of 10, 5, and 1%, respectively. HPA: Heavy physical activities. MPA: Moderate physical activi

Age
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-0.019
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0023

0014
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1
0.065%*
~0.164%%*
—0.069**

0.048*
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1
~0014 1
0021 0.077%5%
0071555 0.089%5%

fes. LPA: Light physical activities.
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Category  Subcategory Good balance Poor balance

Sample Proportion Sample Proportion
number (%) number
45-65 years 311 3604 128 2429
Age 20901 <0.001
265 years 552 6396 399 7571
Female 430 49.83 302 5731
Gender 7342 0.007
Male 433 5017 25 4269
Rural 512 628 330 6262
Residence 0.005 0945
Urban 321 372 197 3738
Primary school and below 603 6987 389 7381
Educational level  Junior high school 169 1958 92 17.46 2594 0273
Senior high school and above 91 1054 46 873
Others 169 1958 146 277
Marital status 12313 <0.001
Married 694 8042 381 723
Never 493 57.13 309 5863
Smoking Past smoking 158 1831 126 2391 1271 0002
Current smoking 22 2457 92 17.46
Never 491 5689 321 6091
Past drinking 108 1251 7 1499 7.297 0026
Current drinking 264 3059 127 241
No 580 67.21 316 5996
Falls 7.498 0.006
Yes 283 3279 2 4004
Heavy physical | No 645 7474 459 7.1
e 30575 <0.001
activities Yes 218 2526 68 129
Moderate physical | No 513 59.44 394 7476
- 33.864 <0.001
activities Yes 350 4056 133 2524
Light physical  No 219 2538 28 4137
38810 <0.001
activities Yes 644 7462 309 5863
No 439 5087 318 6034
Depression 1838 0.001
Yes 42 49.13 209 39.66
No 256 2966 16 201
Disability 9.776 0.002
Yes 607 7034 an 77.99
No 24 2596 154 2922
Physical pain 1763 0.184
Yes 639 7404 373 7078
No 362 4195 172 3264
Hypertension 11985 0.001
Yes 501 5805 355 6736
No 658 76.25 368 69.83
Diabetes 6969 0.008
Yes 205 2375 159 3017
No 472 5469 290 5503
Dyslipidemia 0015 0903
Yes 391 4531 27 4497
No 449 5203 293 556
Heart disease 1676 0.196
Yes 414 4797 24 444
Stroke No 646 7486 368 69.83 4188 0.041
Yes 207 25.14 159 3017
Cancer No 835 9676 513 97.34 0.386 0534
Yes 2 324 14 266

PD: Parkinson's disease; 7° represents the Chi-square test. p-values < 0.05 are considered statistically significant.
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A total of 44411 participants were screened
for longitudinal analysis in 2015, 2018, and
2020

i

Atotal of 2547 participants were remained
in 2015, 2018, 2020

v :

A total of 1390 participants were screened
for longitudinal analysis

41864 participants were excluded due to:
1. Missing information on Parkinson’s disease.

2. Missing data on balance.
3. Missing data on covariates.

1157 participants were excluded due to:
Under 45 years old
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GE Gait exercise

RC Routine care

RE Resistance exercise

BE Balance exercise

HT hydrotherapy

AH Archery

ST Stretching training

C Shadowboxing

NW Nordic walking

YG Yoga

TIC Treadmill training category
™ Treadmill Balance

DA Dance

G Sports game

MM Mindfulness meditation
DIT Dual task training

FQ Fitness Qigong

HAS High strength and agility
sC Sport climbing

ST Sports strategy training
DA2 Dance2

BO Boxing

MIT Moderate intensity training
STT Sensory attention training
ESP Elastic strap Pilates

RAB Ride a bike

AE Aerobic Exercise
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I: Gait exercises
C: Routine care

I: Yoga

C: Resistance exercise

1 Balance exercise

C: Gait exercises

I: Resistance exercise/gait exercises
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1 Balance exercise
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I Resistance exercise
C: Balance exercise
I: Balance exercise
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I Gait exercises/rou
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: Resistance exercise
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C: Routine care

I: Resistance exercise/resistance exercise
C: Stretching training
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C: Routine care

I Aerobic exercise

C: Routine care

I: Resistance exercise

C: Routine care

: Nordic walking

C: Routine care

I Hydrotherapy

C: Routine care

I: Yoga

C: Routine care

1 Treadmill training category
C: Gait exercises/routine car
1 Balance exercise

C: Routine care

1 Balance exercise

C: Routine care

I: Dance/dance2

C: Routine care
I: Balance exercise
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1: Sports game
C: Rout

ne care
1 Hydrotherapy

C: Stretching training

: Mindfulness meditation
C: Stretching training

: Mindfulness meditation
C: Stretching training
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I: Resistance exercise
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I: Shadowboxing
C: Routit

I Resistance exercise
C: Routine care

I: Fitness Qigong

C: Gait exercises

1: Aerobic Exercise
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ne care
I: Fitness Qigong

C: Stretching training

I: Dance

C: Routine care
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C: Balance exercise/routine care
1: Treadmill training category
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I Treadmill training category
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C: Dance
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I: Dance
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I: Dance
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each time
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For 12 weeks, 30min twice a week

Once a week for 60min for 12weeks

For 3months, 50 min twice a week

60min three times a week for 12weeks

6months, twice a week, 60 min each time

For 24 months, twice a week for the firstsix
‘months, once a week for the next six
months

60min twice a week for 2 weeks

For 10wecks, 40 min twice a week

For 12weeks, 60 min twice a week
Bweeks, three times a week, 45 min each
time

10weeks, three times a week, 60min each
time

weeks, twice a week, 60 min each time
8weeks, twice a week, 30 min each time
1h twice a week for 13 weeks

Once a week for 12weeks, 90 min

15min five times a weck

5weeks, 5 times a week, 60 min each time
8weeks, twice a week, 90 min each time
8weeks, once a week, 90 min each time
6weeks, 5 times a week, 30 min each time
12weeks, three days a week, 90 min each
time

60min twice a week for 6 months
8weeks, twice a week, 60 min each time
45 min four times a week for six months.
Eight weeks, three times a weck for 50min

each time

24weeks, three times a week, 90 min each
time

6months, once a week, 90 min each time

Three months, twice a week for 50min

each time

Six months, three times a week, 45 min

each time

For 2years, 60min three times a week

3weeks, 5 times a week, 45 min each time.

12weeks, twice a week, 90 min each time

For 8 weeks, 30min three times a week

12weeks, three times a week, 90 min each

time

Eight weeks, three times a week for 50min

each time

12weeks, three times a week, 90 min each

time
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each time
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time

For 12 weeks, 60min twice a week
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26 weeks, four times a week, 50 min each

time

Four months, three times a week, 45 min
each time

For 12 weeks, 60min three times a week
10weeks once a week, 60min each time
4weeks, 3 times a week, 45 min each time
For 12weeks, 60min twice a week
10weeks, three times a week, 60min each
time

For 12weeks, 60min twice a week

For 7 weeks, 20min twice a week

10weeks, twice a week, 60 min each time
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time

6months, 60min three times a week
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GE, Gait exer Routine care; RE, R  BE, Balance exercise; HT,

hydrotherapy; AH, archery; ST, Stretching t . shadowboxing; NW, Nordic walking;
YG, yoga: TTC, treadmill training category: TB, treadmill Balance; DA, dance; SG, Sports
game; MM, Mindfulness meditation; D', Dual task training; FQ, Fitness Qigong; HAS,

igh strength and agiliy; SC, Sport climbing; SST, Sports strategy training;
Da2,dance2(Duality Rhythm Dance); Bo, Boxing; MIT, Moderate intensity training; STT,
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The green box is pair-to-pair comparison, the blue box s intervention name, and the yellow
box is SUCRA values.
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Characteristics Mean SD

Age 6558 91
Exercise period (weeks) 145 153
Number of interventions (frequency) 25 105

Practice time (minutes) 54 247
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Biomarker Descripti

asynuclein “The abnormal aggregation of a-synuclein is one of the pathologi sease, and its mutations and overexpression are closely

related to the onset and progression of the discase.
Dopamine ‘The reduction of DAT i associated with the loss of dopaminergic neurons and serves as a potential biomarker for the early diagnosis of Parkinson's
“Transporter disease.

Cerebrospinal fluid |~ Alterations in the levels of certain proteins in CSE, such as a-synuclein, tau protein, and neurofilament light chain (NF-L), may act as biomarkers for

Parkinson's disease.

Gene mutation Mutations in specific genes, such as LRRK2, PARK2, PARK7, etc., are associated with familial Parkinson’s disease.
Mitochondrial Mutations in mitochondrial DNA and mitochondrial dysfunction are related to the pathogenesis of Parkinson's disease.
dysfunction

Oxidative stress Markers such as 8-OHAG and MDA indicate oxidative stress, which playsa role in the discase’ progression.

Neuroinflammation | Neuroinflammation is associated with the advancement of Parkinson's disease, and certain inflammatory factors in CSF may serve as indicators of

disease activity.

Metabolomics Metabolomic studies have revealed changes in metabolites associated with Parkinsonis disease, such as alterations in amino acids, liids, and energy
‘metabolism.
Proteomics Proteomic analyses have identified changes in protein expression associated with Parkinsons disease, including synaptic proteins like Synapsin I and

Synaptophysin, and alterations in autophagy-related proteins.

Imaging techniques PET imaging of the dopaminergic system (¢.g., DAT-SPECT) and MRI technology can serve as auxiliary diagnostic tools for Parkinson’s discase.
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Rank Keywords Counts

1 Parkinson's disease 58
2 Transcriptomics 36
3 Neurodegeneration 16
4 Proteomics 13
5 Alzheimers disease 2
6 Neurodegenerative diseases 7
7 Neurotoxicity 7
8 Rna-Seq 7
9 Alpha-Synuclein 6
10 Aging 5
1 Huntington's disease 5
2 Parkinson disease 5
13 Rna Sequencing 5
14 Machine Learning 4
15 Metabolomics 4
16 Microglia 4
17 Network Analysis 4
18 Neuroinflammation 4
19 Substantia Nigra 4

20 Amyotrophic Lateral Sclerosis 3
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Title

A meta-analysis of genome- wide association studies identifies 17 new Parkinson's
disease risk loci (Chang etal,, 2017)

‘Transcriptomic profiling of purified patient-derived dopamine neurons identifies
convergent perturbations and therapeutics for Parkinsonis disease (Sandor et al,
2017)

Single-cell sequencing of human midbrain reveals glial activation and a
Parkinson-specific neuronal state (Smajic et al,2022)

‘The genetic architecture of Parkinson’ disease (Blauwendraat et al,, 2020)

Single-Cell Sequencing of iPSC-Dopamine Neurons Reconstructs Disease
Progression and Identifies HDACA as a Regulator of Parkinson Cell Phenotypes
(Lang etal, 2019)

Moderated estimation of fold change and dispersion for RNA-seq data with
DESeq2 (Love et al, 2014)

Analysis of blood-based gene expression in idiopathic Parkinson disease (Shamir
etal, 2017)

gProfler: a web server for functional enrichment analysis and conversions of
gene lists (2019 update) (Raudvere etal,, 2019)

Limma powers differential expression analyses for RNA-sequencing and
microarray studies (Ritchie et al,, 2015)

Erratum: Near-optimal probabilistic RNA-seq quantification (Bray et al, 2016)

Strength

229

229

226

225

194

183

181

171

171

Association with Parkinson'’s disease in
transcriptomics

Identify 17 new Parkinson’ risk loci, offering potential

gene targets for transcriptomics.

Transcriptome analysis identified convergent

perturbations and treatments for Parkinsonss discase.

Single cell sequencing provides evidence for cell
heterogeneity and specific transcriptome changes in
Parkinson’s disease.

Provide genetic background info, identify key genes and

pathways to guide transcriptomic rescarch.

Reconstruct Parkinson's progression, identifying key
factor HDAC4.

Provide DESeq2 for differential expression analysis.
Blood gene expression analysis clues aid in finding
Parkinsonss - related peripheral biomarkers.

Provide giProfiler for functional enrichment analysis.

Provide limma for differential expression analysis.

Provide gene expression quantification basis, ensuring

reliability and aceuracy of subsequent analysis.
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Rank Co-cited references
1 Identification of novel risk loci, causal insights, and heritable risk for Parkinson’ disease: a meta-analysis of genome-wide association studies

(Nalls etal. 2019)

2 Limma powers differential expression analyses for RNA-sequencing and microarray studies (Ritchic ctal,, 2015)

3 Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2 (Love et al., 2014)

4 Parkinson disease (Poewe et al,, 2017)

5 Single-cell sequencing of human midbrain reveals glial activation and a Parkinson-specific neuronal state (Smajic et al, 2022)

6 Parkinson disease (Kalia and Lang, 2015)

7 Single-cell genomic profiling of human dopamine neurons identifies a population that selectively degenerates in Parkinsons discase (Kamath
etal,, 2022)

8 Dopamine neurons derived from human ES cell effciently engraft in animal models of Parkinson'sdisease (Kriks etal, 2011)

9 Gene expression profiling of substantia nigra dopamine neurons: further insights into Parkinson'sdiscase pathology (Simunovic ct al. 2009)

10 A single-cell atlas of the human substantia nigra reveals cell-specific pathways associated with neurological disorders (Agarwal et al,,2020)
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Rank Author Counts Citations
1 Glaab, Enrico 7 Braak, H 38
2 Halder, Rashi 3 Nalls, Ma 35
3 Parmar, Malin 3 Kanehisa, M 2
4 Alves, Guido 2 Poewe, W 20
5 Balling, Rudi 2 Love, Mi 19
6 Bandres-Ciga, Sara 2 Ritchie, Me 18
7 Bjorklund, Tomas 2 Zhang, Y 18
8 Bohler, Sacha 2 Mathys, H 17
9 Buttini, Manuel 2 Jellinger, Ka 16

10 Cardoso, Tiago 2 Kalia, Ly 15
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Rank  Journal Counts IF 3

1 Molecular Neurobiology 6 4436 1 Nawre 345 505012 1
2 Neurobiology of Disease 6 57181 1 Nucleic Acids Research 270 152088 1
3 Nature Communications 5 147007 1 Proceedings of the National Academy of 270 94006 1

Sciences of the United States of America

4 NPJ Parkinsons Disease: 5 67 1| Movement Disorders 248 7.4001 1
5 Scientific Reports 5 38001 1 Science 24 196291

6 Frontiers in Aging Neuroscience 4 47467 2 | PLOSONE 21 28997 1
7 Biomolecules 3 48534 1 Nature Communications 2 147007 1
8 BMC Genomics 3 39159 | 2 Cell 209 454993 1
9 Brain 3 128458 1 The Journal of Neuroscience 199 6709 1
10 Cells 3 54147 | 2 | Brin 185 128458 1
n Ecotoxicology and Environmental 3 639 1 Scientific Reports 173 3.8001 1

Safety

12 Genes 3 29643 2 Newon 171 147007 1
13 Movement Disorders 3 85573 1 Nature Neuroscience 164 2092 1
14 BMC Medical Genomics 2 20431 3 Neurology 160 77002 1

15 Cellular and Molecular Life Sciences 2 65287 1 Journal of Biological Chemistry 156 48097 2
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Rank Country Counts Instituti Counts
1 UsA 53 (25.48%) University of Luxembourg 11(5.29%)
2 China 33 (15.87%) McGill University 6(2.88%)
3 England 19(9.13%) University College London 6(2.88%)
4 Germany 17(8.17%) Karolinska Institute 5(240%)
5 Spain 12(5.77%) Maastricht University 5(2.40%)
6 Netherlands 12(5.77%) Capital Medical University 4(1.92%)
3 Luxembourg 11(5.29%) Lund University 4(1.92%)
8 Sweden 9(4.33%) University of Barcelona 4(1.92%)
9 Ttaly 9(4.33%) University of Cambridge 4(1.92%)

10 Canada 9 (4.33%) University of Oxford 4(1.92%)
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Advances in Parkinson'’s
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disease progression
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Emerging technology Description

Single-cell RNA Sequencing

Spatial Transcriptomics

Long-read Sequencing Technology

CRISPR/Cas9 Gene Editing

Technology

Artificial Intelligence and Machine

Learning

Multi-omics Integration Analysis

Microflu

s and Single-cell Analysis

‘Technology

Optogenetics

Nanotechnology
Wearable Devices and Mobile Health
Technology

3D Cell Culture and Organ-on-a-chip
Technology

Computational and Systems Biology

Approaches

Enables gene expression analysis at the single-cell level, revealing cellular heterogeneity and state transitions, enhancing

understanding of cellular specificity changes in Parkinson's disease.

Combines spatial information of tissues with gene expression analysis, aiding in understanding the role of cells within their

microenvironment and improving knowledge of cellular spatial distribution during Parkinson's discase pathology.

Provides more complete genomic structure information, faciltating the identification of complex genetic variations, and

contributing to the understanding of the genomic structure in Parkinson'sdiscase.

Used for precise gene modification to study the role of specific genes in Parkinson's disease, enhancing the precision of gene

function research.

Analyzes large-scale transcriptomic data, identifies biomarkers and therapeutic targets, and optimizes the eficiency and accuracy of

data analysis.

Combines various omics data to provide a comprehensive discase profil, aiding in the understanding of the complex biological

characteristics of Parkinsons disease.

Conducts high-throughput experiments at the single-cell level, enhancing in-depth understanding of cellular functions and

interactions.

Uses light-controlled ion channels to modulate neuronal activity,studying changes in neural circuits, and researching the
neuroregulatory mechanisms of Parkinsorss disease.

Has potential applications in drug delivery and biomarker detection, improving the precision and efficiency of treatment.

s physiological and motor parameters in real-time, providing data support for disease management.

Simulates the human microenvironment for the establishment of di

ase models and drug screening.

Utilizes computational models to simulate discase progression and mechanisms of drug action, predicting discase development and

treatment responses.
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UPDRS-total, mean £ sd 57.55422.48

UPDRS-I, mean £ sd 911404
UPDRS-II, mean sd 1026+5.20
UPDRS-1IL, mean  sd 3574£1501
UPDRS-III right site, mean £ sd 12234573
UPDRS-1II left site, mean +sd 11814671
UPDRS-IV, median (IQR) 0(0,4)
Hochn-Yahr, median (IQR) 2(15,25)
NMSS, mean + sd 322841938
PDQ mean:£sd 227741196
MMSE, median (IQR) 29(27,30)

UPDRS, Unified Parkinsons Disease Rating Scale; NMSS, Nonmotor Symptoms Scale; PDQ,
Parkinson’s Disease Questionnaire; MMSE, Mini-Mental State Examination.
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Age (year), mean +sd 64.04£9.06

Sex (male/female), n 20127
Height (cm), mean £ 160.7248.29
Weight (kg), mean + sd 57274952
Duration of PD (month), mean £ sd 7023:+40.82
Education

Primary education, n 6
Junior middle education, n 9
Senior middle education, n 16
Undergraduate, n 15

Postgraduate, n 1
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AK3 TCF7L2, PAXS, ZKSCANI, ELF1, RELA, ZNF384, TCF3, MYC,
KDMS3B, HNF4A, MYOD1, MYOG, CTCF

LEPR EGRI, SP1, GATA2, REX5, YY1, GABPA, MYOG, ZNF143
RIN3  FOXP2, MAFK, JUND, CEBPB, NFIC, REST, TEAD4, MAX,
BHLHE40, E2F4, GATA3, NRF1, FOS, MXI1, TALI, ARID3A, ATF1,

TBR, MAFF, MAZ, CUX1, E2F1, GTE2B, FOXAL, CTCFL, SETDBI,
GATAL, JUN, CTCF, ZNF143
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mRNA miRNA IncRNA

RTN3 hsa-miR-205-5p GASS MALATI AC009133.5 SNHGI6
hsa-miR-206 ALIG2431.2 RMRP MALATI LINCO0641
hsa-miR-1-3p ALI62431.2 RMRP MALATI LINCO0641

hsa-miR-218-5p No IncRNA target

LEPR hsa-miR-30e-5p MALATI AL137129.1 NORAD XIsT

hsa-miR-30d-5p MALAT1 ALI37129.1 NORAD XIST
hsa-miR-30a-5p MALATL ALI37129.1 NORAD XIsT
hsa-miR-30b-5p MALATI ALI37129.1 NORAD XisT
hsa-miR-30c-5p MALATL AL137129.1 NORAD XIST

AK3 hsa-miR-1271-5p. MALATL LINCO2381

hsa-miR-182-5p SNHG1 AL137129.1 NORAD

hsa-miR-186-5p No IncRNA target

hsa-miR-340-5p No IncRNA target

hsa-miR-181c-5p SNHGS NEATI MALATI

hsa-miR-181a-5p SNHGS NEATI MALATI

hsa-miR-181b-5p SNHGS NEATI MALATI

hsa-miR-181d-5p AC021078.1 SNHG5 NEATI MALATI
hsa-miR-19a-3p Corfs6 ACI35050.6 MCM3AP-ASI

hsa-miR-19b-3p Cs0rf56 ACI1350506 MCM3AP-AS1
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Gene
AK3
RTN3
CYP4F2
LEPR
GAPDH

Forward primer sequence
CCTGATCAGTCAGCAGCCATC
AAGGCCATCCATTCAAACCCA
GGTCATCTCCCGCCATGT
CCATCTCTGCCTTCGGTCG
CGAAGGTGGAGTCAACGGATTT

er sequence
GCCTGTGGAAGTGTCCTTGG
AACAATTGACTTGGTCTGATCTCG
CTGGGTTGTGATGGGTTCCG
TCCAGCAGGCAAAAGGAAGT
ATGGGTGGAATCATATTGGAAC
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AK3 and Doxorubicin

(D)

RTN3 and Acetaminophen LEPR and Bisphenol A
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Experimental Control Mean Difference Mean Difference

—Study or Subgroup Mean SD Total Mean SO Total Weight IV, Random, 95%Cl 1V, Random, 95% CI
3.1.1 Acupuncture
Fan 2022 1416 355 32 1494 350 32 103%  -0.78[-253,0.97]
Subtotal (95% CI) 32 32 103%  -0.78(-2.53,0.97]
Heterogeneity: Not applicable
Test for overall effect: Z = 0.87 (P = 0.38)
31287
Anja JH 2021 11 11 24 144 53 24 43% ~2.70 [-6.24, 0.
Dobkin RD 2011 1473 454 41 1821 435 39 93%  -348(543,
Dobkin RD 2019 1648 439 37 1988 425 35 91%  -340(-540,
Pan 2018 14 16 34 142 21 34 157%  -280(-369,
Yang 2023 973 221 33 1124 25 33 141%  -1.51(-2.65,-0.37] =
Subtotal (95% CI) 169 2.57(:3.33, 1.82) >
Heterogeneity: Tau® = 0.16; Chi* = 5.09, df = 4 (P = 0.28);
Test for overall effect: Z = 6.67 (P < 0.00001)
3.1.3 Exercise
Zhy 2020 1484 293 19 1481 383 22 87% 003204210 —
Subtotal (95% CI) 19 22 87%  0.03[-204,210) | —eE—
Heterogeneity: Not applicable
Test for overall effect: Z = 0.03 (P = 0.98)
31.41TMS
Li 2020 1008 139 24 1096 1.39 24 16.4% -0.88[-1.67,-0.09] —
Wu 2019 16 33 50 147 41 50 12.0% -3.10[4.56, -1.64] —
Subtotal (95% CI) 74 74 28.4%  -1.90(4.07,0.27) | —r——
Heterogeneity: Tau? = 2.11; Chi* = 6.89, df = 1 (P = 0.009); I = 85%
Test for overalleffect: Z = 1.72 (P = 0.09)
Total (95% CI) 294 293 100.0%  -2.00 [-2.83,-1.17) -

Heterogeneity: Tau? = 0.93; Chi = 23.23, df = 8 (P = 0.003);
Test for overall effect: Z = 4,73 (P < 0.00001)
Test for subarouo differences: Chi® = 7.75. df = 3 (P = 0.05).

-4 2 o 2 4
Favours [experimental] - Favours [control]
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Experimental Control
Study or Subgroup  Mean SO Total Mean SD Total Weight
5.1.1CBT
Bernini S 2019 2352 278 17 1911 332 18
Subtotal (95% CI) 7 18
Heterogeneity: Not applicable
Test for overall effect: Z = 4.27 (P < 0.0001)
5.1.2 Exercise
Rios Romenets 2015 274 21 18 261 32 15
Solla P 2019 264 347 10 2522 268 10
Wang 2022 274 21 23 261 32 22
Wu 2018 2178 207 28 2033 216 24
20 2020 2252 264 19 2252 264 22
Subtotal (95% CI) 98 93
Heterogeneity: Tau® = 0.00; Chi* = 2.23, df = 4 (P = 0.69); F = 0%
Test for overall effect: Z = 2.99 (P = 0.003)
5.1.31TMS
Cheng 2022 269 218 11 2188 386 16
He 2022 271 23 20 241 38 15
Subtotal (95% CI) 3 31

Heterogeneity: Tau” = 0.74; Chi = 1.58, df = 1 (P = 0.21); I = 37%
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Fan etal. (2022) ® PSS TG=32 | TG=6103(£9.80) = MA SA MA 8 Thw GV 24,GV29,HT7,SP | HAMA, PDQ39,
CG=32 | CG=62.66(£694) 6, EX-HN1 UPRDS
Deng (2021) ® RML TG=53 | TG=6512£512 = MA+TCM | TCM | MA 4 MA:Fiw;TCM:Bid | ST36, ST40, LR3, LI4, HAMA, UPRDS
CG=53 | CG=6512%5.12 GV20, GB20, EX-HNI,
GV29,CV24
Hu (2018) ® RD TG=6642£478 | MA+RDT | RDT | MA 4 MA:QATCM:Bid GB20, BL10, GB12, SAS, PDQ39
CG=55 | CG=6660+482 GVI5
Gueetal. (2023) ® NR TG=5137+726 | MA+RDT | RDT | MA 12 MAFiwTCM:Qd | GV20,GV29,EX-HNI, | HAMA, UPRDS
CG=51 | CG=5207+756 PC6, HT7, GB40, PC7
Song (2021) @ RML TG=62 | TG=7264£250 | MA+RDT | CT MA 4 MA:FiwHBOT:Qd | Dance tremor control HAMA
CG=62 | CG=7253%256 area, LI4, LI11, TES, K17,
ST36, SP6
LiL. etal. (2021) ® RML TG=50 | TG=6156£751 = EA+RDT | RDT | EA 8 EA:Q&;RDT:Bid GV20, EX-HN1, LR3, SAS
CG=50 | CG=6249%753 HT7, L14, SP6, Anmian
Chen (2018) ® CE TG=67.07+875 | EA+RDT | RDT | EA 8 EA:Fiw;RRT:Fiw GV20,GV14 HAMA
CG=6328+878
Zhang et al. ® RML TG=618+46 | EA+RDT | RDT | EA 4 EAFow;RDT:Tid Dance tremor control HAMA, PDQ39
(2022) CG=622+43 area, GV2, EX-HNI,
GB20, EX-B2
Chao (2023) ® RML TG=50 | TG=7002£427 | AT cr AT 4 Fod TF4, AT3, 41, CO13, SAS, PDQ39
CG=50 | CG=69.73£492 CO10, AT23,4i
Xu (2017) ® NR TG=51 TG=718£53 | AT cr AT 15 Fod AH6a, TF4, CO15, SAS
cG=52 CG=732£49 con2
Liu (2020) ® RD TG=30 TG=5931£13 | EA+RDT | RDT | EA 1 MA:NRRDT:Qd EX-HNI,GV20,GB20, | HAMA
CG=30 | CG=5455%121 GVI6, LR3
Bai (2021) @ PG TG=29 TG=46-78 MA+RDT | RDT | MA 2 MA:Qd:RDT:Qd GV20, GV29, GB20, HAMA
cG=29 CG =45-79 EX-HN22, CV6,CV12,
ST25, PC7, 5P6
Wang et al. (2015) @ RD TG=28 TG=6214£87 | EA+RDT | RDT | EA 8 EA:Tow;RDT-Tid GB20, L14,GV14,GVI6 | HAMA
CG=20 CG=59.1%124
Zhueetal. (2022) @ RD TG=27 TG=742£51 | MA+TCM | TCM | MA 2 MATrwRDT:Qd | GV20,EX-HNI,GV29, | SAS
cG=27 CG=736£53 HT7,5P6

IG, Interventional Group; CG, Controlled Group; NR, Not Reported; RML, Random Number List; CE, Closed Envelope; SPSS, SPSS Randomly Divided; RD, Randomly Divided; PG:Parity grouping; MA, Manual Acupuncture; EA, Electroacupuncture; AT, Auricular
Therapy; SA, Sham Acupuncture; RDT, Routine Drug Treatment; TCM, Traditional Chinese Medicine; CT, Conventional Therapy; Qd, Once A Day; Bid, Twice A Day; Tid, Thrice A Day; Thw, Three Times A Week; Fod, Four Times A Day; Tow, Tow times a week;
Trw, Three times a week; Fow, Four times a week; Fiw, Five Times A Week; Siw, Six Times A Week; DW, Dilatational Wave; IW, Intermittent Wave; CW, Continuous Wave.

®: MDS clinical diagnostic criteria for Parkinson’s disease.

Chinese guidelines for the Treatment of Parkinson’s disease. ®: Clinical criteria for diagnosing Parkinson’s Disease in China. @: Accuracy of clinical diagnosis of idiopathic Parkinson’s disease.
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N (Frequency) Adjusted for gender and age

Genetic Model PD Control OR (95%Cl) p-value Adjusted OR

n (%) n (%) (95% CI) Bapvalie
Allele
A 765 (80.2) 711(74.5) Ref. Ref. Ref. Ref.
G 189 (19.8) 243(25.5) 0.72 (0.58-0.90) 0.003** 0.72 (0.58-0.89) 0.003**
Co-dominant
AA 318 (66.7) 273(57.2) Ref. Ref. Ref. Ref.
AG 129(27.0) 165 (34.6) 0.67 (0.51-0. 89) 0.005%* 0.68 (0.51-0.90) 0.007+*
GG 30(6.3) 39(8.2) 0.66 (0.40-1.09) 0.106 0.64 (0.38-1.06) 0.080
Dominant
AA 318 (66.7) 273(57.2) Ref. Ref. Ref. Ref.
AG+GG 159(33.3) 204 (42.8) 0.67 (0.51-0.87) 0.003%* 0.67 (0.51-0.87) 0.003%%
Recessive
AA+AG 447 (93.7) 438(91.8) Ref. Ref. Ref. Ref.
GG 30(6.3) 39(82) 0.75 (0.46-1.24) 0.262 0.72 (0.44-1.19) 0.203

‘number; OR, odds ratio; CI, confidence interval; Ref., reference. Boldface indicates statistical significance (p<0.05, **p<0.01, #**p<0.001).
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Characteristic Groups

G allele carrier G allele non-carrier
(n=169) (n=260)
Demographics information
Gender, male, n (%)" 12(615) 148 (56.9) 0343
Age, years, mean £5D" 63597 63.0£97 0591

Age of disease onset, n (%)°

EOPD 32(189) 59(227)
0352
LOPD 137 (81.1) 142(77.3)
Duration of disease, years, median (IQR)* 30(50) 30(5.0) 0905
Education, years, median (IQR)* 80(60) 80(6.0) 0535
Modified H&Y Stages, n (%)"
Early stage (stages 1.0-2.5) 148 (87.6) 224(86.2)
0672
Advanced stage (stages 3.0-5.0) 21024) 36 (138)
LEDDs, mg, median (IQR)* 3000 (275.0) 3000 (262.5) 0.190
Motor features
Motor Phenotype, 1 (%)*
™ 16(27.2) 74(285)
PIGD 105 (62.1) 164 (63.0) 0743
Indeterminate 18.(10.7) 22(85)
Initial motor symptom, 1 (%)"
Bradykinesia or rigidity 68(40.2) 118 (45.4)
0.293
Tremor 101 (59.8) 260 (54.6)
MDS-UPDRS-IIf score, median (IQR) 200(150) 200(160) 0971
Non-motor features
NMSS score, median (IQR) 270 (23.0) 230(27.0) 0431
MoCA score, median (IQR) 230(7.0) 225(7.0) 0769
RBDSQ score, median (IQR)* 10(40) 10(3.0) 0964
$5-12 score, median (IQR)* 50(40) 50(3.0) 0785

‘Chi square was used; Students ttest was used; ‘Mann-Whitney U test was used. 1, number; EOPD, Early-onset Parkinsons disease patients; LOPD, Late-onset Parkinson's disease patients;
LEDDs, L-Dopa equivalent daily dosages; TD, tremor dominant phenotype; PIGD, postural instability and gait difficulty phenotype; MDS-UPDRS-IIL, Part 1 of Movement Disorders Society
Unified Parkinson's Disease Rating Scale; NMSS, Non-motor Symptoms Scale; MoCA, Montreal Cognitive Assessment; RBDSQ, Rapid Eye Movement Sleep Behavior Disorder Screening
Questionnaire; SS-12, 12-item Sniffin' Sticks test; SD, standard deviation; IQR, interquartile range.
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Characteristic PD with depressive PD without depressive Healthy controls

symptoms symptom
(n=12) (n=18) (n=13)
Age—yr 57754948 57.56£6.71 61.31£7.31 0368
MMSE 2675+2.09 2669+202 27312250 0555
Duration of disease—yr. 8.83£3.95 850+3.96 - 0723
LEDD— mg/day 792.08:+306.52 74277431947 - 0677
UPDRS 11 off 37171467 3411£1505 - 0587
UPDRS 11T on 14.96+8.82 12112668 - 0415

Plus-minus values are means £ SD. There were no significant differences between groups. PD, Parkinson's Disease; MMSE, the Mini- Mental State Examination LEDD, Dose of levodopa or
equivalent; UPDRS, the Unified Parkinson's Disease Rating Scale.
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45 primary Parkinson's disease patients ( PDs ) & 16 healthy participants ( HCs )

18 excluded:

4 PDsvith antidepressants;

11 PDswith lots of EEG aircrafts;
3 HCs with lots of EEG aircrafts.

30PDs& 13HCs.

HAMDz212

HAMD < 12

12 PDs with depressive symptoms
(dPD group)

18 PDs without depressive symptoms
(nPD group)

13HCs
(healthy controls)
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Cluster Brain MNI peak Voxel Peak
regions size intensity

Cluster 1 10G_r 34 98 109 186119
Cluster 2 MOG_r 36 -0 14 38 112884
Cluster 3 PreCGr | 58 -2 28 46 146726
Cluster 4 Cuneusr | 8 | -86 40 37 112434
Cluster 5 PoCG_r 6 -8 7 662 159707
Cluster 6 SPL_r 28 -8 64 248 202738
Cluster 7 PoCGl | -2 =36 64 a1 102287
Cluster 8 Paml | -10 | -4 66 39 12366

10G_, right inferior occipital gyrus; MOG_,right middle occipital gyr
precentral gyrus; POCG_, right postcentral gyrus; SPL_, right superior pas
PoCG_L left postcentral gyrus; Peun_, left precuneus.

reCG_r, right
tallobule;
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Cluster Label (LLR) Direction

0 Brain Investigates structural and functional changes in the brain related to PDP, involving neuroimaging and pathology studies.
# Prevalence Focuses on the epidemiology of PDP, including its incidence and prevalence.

0 Cholinesterase Inhibitors Examines the therapeutic effects and mechanisms of cholinesterase inhibitors in PDP.

E Dyskinesia ‘Addresses motor disorders in Parkinsonss disease.

m Connectivity Explores changes in brain network connectivity in PDP and their impact on symptoms.

#7 Atypical Antipsychotics Investigates the use and efficacy of AAPs in PDP treatment.

8 Quetiapine Studies the efficacy and safety of quetiapine in PDP.

2 Lewy Body Researches the role and pathological mechanisms of Lewy body deposits in PDP.

#10 Cognitive Control Examines the relationship between cognitive control and symptoms of PDP, and its impact on daily life.

#11 Anxiety Investigates anxiety symptoms as predictors of PDP.

12 Othello Syndrome Studies jealousy delusions (Othello syndrome) in PDP and their pathological mechanisms.

#13 Parkinsons Disease Psychosis | The core theme focusing on symptoms, diagnosis, pathological mechanisms, and treatment methods of PDP.
4 Frontal Investigates the role and functional changes of the frontal lobe in PDP.

#15 Electroconvulsive Therapy Explores the application and efficacy of electroconvulsive therapy in PDP.

#16 Visual Hallucinations Studies the mechanisms and management of visual hallucinations in PDP.

#7 5-HT3 Receptor Antagonists |~ Researches the potential role of 5-HTS3 receptor antagonists in PDP treatment,
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Average

Author, Year Title Journal IF(2023) JCR  Citations -
1 G Fénelon, 2000 Hallucinations in Parkinson’ disease: Prevalence, phenomenology and risk factors Brain 106 Q 79 2996
2 Jeffrey Cummings, 2014 Pimavanserin for patients with Parkinson's disease psychosis: a randomized, placebo-controlled phase 3 trial | Lancet 98.4 Qi 438 88
3 D Aarsland, 1999 Mental symptoms in Parkinsonis disease are important contributors to caregiver distress Int] Geriatr Psyd 36 Qi 340 136
4 Bernard Ravina, 2007 Diagnostic criteria for psychosis in Parkinson' disease: Report of an NINDS, NIMH work group Mov Disord 74 Qi 331 19.47
5 J M Miyasaki, 2006 Practice Parameter: evaluation and treatment of depression, psychosis, and dementia in Parkinson disease  Neurology 77 Q 310 7.2
(an evidence-based review): report of the Quality Standards Subcommittee of the American Academy of
Neurology
6 D Aarsland, 1999 Prevalence and Clinical Correlates of Psychotic Symptoms in Parkinson Disease A Community-Based Study ~ Arch Neurol N/A N/A 285 14
7 Neil K Archibald, 2009 The retina in Parkinson’s disease Brain 106 Q 269 17.93
8 S Holroyd, 2001 Prospective study of hallucinations and delusions in Parkinson's disease J Neurol Neurosurg Psychiatry 87 Qi 267 161
9 Elin B Forsaa, 2010 A 12-Year Population-Based Study of Psychosis in Parkinson Disease Arch Neurol N/A N/A 258 18.43

10 Rimona S Weil, 2016 Visual dysfunction in Parkinson’s disease Brain 106 Q 241 3013
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Rank Organizati Country Documents Citations Averaged citation
1 Kings College London United Kingdom 27 1414 5237
2 ACADIA Pharmaceuticals Inc  USA 2 420 18.26
3 Rush University USA 2 2732 12418
4 Brown University USA 20 1341 67.05
5 McGill University Canada 2 274 1370
6 University of Toronto Canada 20 982 49.10
7 University of Pennsylvania USA 18 811 45.06
8 Université de Montréal Canada 17 265 15.59
9 University College London United Kingdom 16 1071 66.94

10 ‘The University of Sydney Australia 16 556 3475
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Journal Documents  Percent (%)  IF (2023) JCR Citations Averaged

citation
1 Movement Disorders 57 9.45 74 Q 4329 7595
2 Parkinsonism & related disorders B 547 31 Q 1,030 3121
3 Clinical Neuropharmacology 18 299 08 Q4 522 29.00
4 Neurology 16 265 77 Qi 1612 100.75
5 Journal of Neurology 15 249 48 Qi 627 4180

Journal of Geriatric Psychiatry
6 12 199 29 Q 25 1875
and Neurology

Journal of Neurology
7 12 1.99 87 Q1 935 77.92
Neurosurgery and Psychiatry
8 Journal of Parkinson’s Disease 12 1.99 42 Q2 173 14.42
9 Journal of Neural Transmission n 182 32 Q 321 29.18

Journal of Neuropsychiatry and
10 1 182 24 Q@ 404 3673
Clinical Neurosciences
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Country Documents Citations Averaged Centrality

citations
1 USA 22 9,483 1088 016 1999
2 United Kingdom 8 5024 5645 011 2001
3 Canada 54 1738 3219 011 2001
1 Japan 16 1,012 265 0 2003
5 Ialy 36 1,097 3047 047 2001
6 China 35 538 1537 0 2004
7 France 31 2210 7129 056 2000
s Spain 31 1216 393 005 2004
9 Netherlands 2% 873 3358 0 2001
10 Australia u 765 3188 025 2011
1 Norway 20 2187 10935 032 1999

12 Germany 19 591 3L11 0.06 1999
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Category Specific standard requirements

Database WoSCC
Citation Index SCI-EXPANDED, SSCI

Period the start of WoSCC to February 7, 2024
Language English

Document types Article, Review

Data extraction Full record and cited references in plain text ile

Searching strategies | #1: ((((((TS = (psychotic*)) OR TS = (hallucination®))
ORTS= illusion*)) OR TS = (delusion®)) OR
TS = (misperception*)) OR TS = (psychosis)) OR
TS=(psychoses)

(Parkinson®)

#3:#2 AND #1
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Top 25 Keywords with the Strongest Citation Bursts
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GSE22491
8 control PBMCs samples VS 10 PD PBMCs samples

Y
DO I eea P e cantat ‘ ‘ pEGs between NETRGs ‘ ‘ Genes in the critical ‘
high- and low-score groups module
T

[ Intersection of DEGs and genes in the critical module ]

[ Overlapping genes |—{ Chromosomal localization analysis |
PPI network analysis

Candidate genes screened by EPC, MNC, Degree,
DMNC and MCC algorithms respectively

Intersection of candidate genes

[ Gene set enrichment analysis | Biomarkers

Quantitative real-time polymerase
chain reaction

7

Expression verification in GSE22491,
GSEG6613 and GSE49126 datasets

2
[ Immune infiltration analysis ] [ Construction of a TF-mRNA-miRNA network ] [ Drug pretiction ]
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Strains nsgene

N2 Wild-type nematode 20

owis pKIs2386, unc-54p:humaEEn a-synucleinz YEP + unc-119(+); yellow fluorescent 20
protein (YFP) expression in the muscles.

BZ555 egls1, dat-1p:GFP; green fluorescent protein (GFP) 20

TJ356 715356 [daf-16p:dal 6a/b:GEP + rol-6(su1006)] 20

CF1553, [muls84 ((pAD76) SOD-3p:: GEP+ rol-6)]; 20

Tem (°C)

Phenotypes
Wild type movement

Muscular a-synuclein expression

Dopaminergic Neurotoxic model
GEP for Daf-16 pathways expression

Anti-oxidative enzymes expressions
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Topic: Parkinson psychosis

I

4647 results from the WOS database

I—{ Removed dupl

licates (n=0)

4647 results from the WOS database

Publication time:  startof WOS to 2023-12-31
|—{ Document types: article and review article (n="
Language: English (n=233)

3637 results for further analysi

[ Ruled out irrelevantarticles (n=3032)

1 Excluded articles with "PY 2024" (n=2)|

Aticles related to Alzheimer's Disease (n=1180)
Articles related to Dementia with Lewy Body (n=971)
Other articles (n=881)

603 results were selected for bibliometric analysis
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AD Alzheimer's disease

BB Blood-brain barrier

BPAD Bipolar affective disorder

CADM3 | Cell-adhesion molecule 3

CREB cAMP-response element-binding protein

CsE Cerebrospinal fluid

DEG Differentially expressed gene

DMNC Density of maximum neighborhood component
EPC Edge percolated component

GO Gene ontology

GPCR G protein-coupled receptor

GPR78 Orphan G protein-coupled receptor 78

HPA Hypothalamic pititary adrenal

KEGG Kyoto encyclopedia of genes and genomes

LB Lewy bodies

LSN Lateral substantia nigra

Mce Maximal dlique centrality

MCP-1 Monocyte chemotactic protein-1

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MNC Maximum neighborhood component

NET Neutrophil extracellular traps

NK Natural killer cells

PBMC Peripheral blood mononuclear cells

PD Parkinson's disease

QRT-PCR | Quantitative simultaneous polymerase chain reaction
RA Rheumatoid arthritis

ROS Reactive oxygen species

SCRT1 Scratch family transcriptional repressor 1

SLE Systemic lupus erythematosus

TR Transcription factor
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Prime Sequence

GPR7S F ATGGGACTCTCTGATGGGCT
GPR78 R ATGCCAAGAGCAAGTGACGA
CADM3 F AGCAGACTCTCTACTTTGGGG
CADM3 R GCACAGGCATAGTGAAGATTGA
CACNAIEF ATTCAACAGTTCACAGCGGC
CACNAIER GCGAGCCATCCTGAGGTTTA

internal reference-GAPDH F CGAAGGTGGAGTCAACGGATTT
internal reference-GAPDH R ATGGGTGGAATCATATTGGAAC

DEG, Differentially expressed gene.
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Tissue GEO accession
SN (Substantia Nigra) GSE7621
GSE8397-GPL96
GSE8397-GPLY7
GSE20163
GSE20164

Plasma GSE160299

Platform
GPL570
GPL96
GPLY7
GPL96
GPLI6
GPL20301

Sample
PD(16) / CON(9)
PD(24) / CON(15)
PD(24) / CON(15)
PD(8) / CON(9)
PD(6) / CON(5)
PD(3)/ CON(4)

Types
mRNA
mRNA
mRNA
mRNA
mRNA

miRNA
IncRNA

Up / Dowi
688 (1) /450 (1)
62(1) /256 (1)
19(1)/182(1)
231(1)/165(1)
364(1)/210(1)

9(M/22()
69(1)/263 (1)
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GEO gene expression data from PD patient substantia nigra samples

+5 data sets (GSE7621, GSE8397-GPL96, GSEB397-GPLO7, GSE20163, GSE20164)

GEO gene expression data from PD patient blood sample
+ 1 data set (GSE160299)

1

Selection of DEMRNAS from each datasets by GEO2R
(pvalue <005 &llog 2 FC1> 1)

Identification of common DEmRNAS

1

Selection of DEMIRNAs, DEINcRNAS from each datasets by GEO2R
(pvalue <005 &Ilog 2 FC1> 1)

!

1

Identification of DEmRNAs and DEmIRNAS interaction by Targetscan

Identification of DEmIRNAS and DEIncRNAS interaction by Blastn

1

Construction of mRNA-INcRNA-mRNA ceRNA regulatory network

I

{

KEGG analysis by ShinyGO 8.0

1

Gene Ontology (GO) analysis by g:Profiler (2023)
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Experimental

6.1.1 Acupuncture

Fan 2022 3147 1194 32 3506
Han 2022 3104 1441 48 3635
Kluger BM 2016 216 122 47 245
2017 03 255 19 195
Subtotal (95% CI) 146

Heterogeneity: Chi* = 4.64, df = 3 (P = 021); ! = 34%
Tost for ovoralleffect: Z = 1.95 (P = 0.05)

6.1.2CBT
Paris AP 2019 5025 2672 16 3408
Petrelli A 2014 23 37 2 23
Rodgers SH 2019 1728 194 15 2069
Veazey € 2009 404 13 5 372
Subtotal (95% CI) 58

Heterogeneity: Chi* = 5.81., df =3 (P = 0.12); ' = 48%
Test for overall effect: Z = 6.06 (P < 0.00001)

6.1.3 Exorc
Ca02021 2 233 31 288
Ferreira RM 2018 3172 1975 18 4724
Kalyani HHN 2019 1945 1245 17 1682
Moon S 2020 26 233 8 288
RiosRomenets S2015 264 189 18 245
Wang 2022 2078 143 23 2868
Wu 2018 492 928 24 4037
Xi2022 6745 455 33 7367
Subtotal (95% CI) 72

Heterogeneity: Chi* = 9.19, df = 7 (P = 0.24); I = 24%
Tost for overall effect: Z = 6.40 (P < 0.00001)

6.1.47TMS

Chen 2022 4926 1303 29 5362
112020 3146 418 24 3513
Subtotal (95% CI) 53

Hoterogeneity: Chi* = 0.05, df = 1 (P = 0.83); I = 0%
Test for overall effect: Z = 3.36 (P = 0.0008)

Total (95% C1) 429

Heterogenelty: Chi = 24.04, df = 17 (P = 0.12); I = 20%

Test for overall affect: Z = 9.40 (P < 0.00001)
Test for suborouo differences: Chi* =

Control Dif
—Study or Subgroup __ Mean _ SD Total Mean SD Total Weight  IV.Fixed. 95%Cl  IV.Fixed 95%Cl

666
174

15
152

205

37
163
186

253
213
101
253
129

12
879
389

987
418

32
48
a7
17
144

12
21
12

31
17
16

15
22
28

171

31
24

2%
17%
23%
04%
7.6%

02%
14.5%
39.0%

02%
53.9%

05%
0.4%
12%
04%
06%
12%
29%
17.0%
23.8%

20%
12.7%
147%

in Difference

350(:833,1.15)
+531(-11.70, 1.08)
-2.90 [-8.43, 2.63]
1080275, 24.35]
-3.04(-6.10,0.01]

1617 [-1.32, 33.66]
-4.30(6.51,-2.09]
-3.41(-4.76, -2.06]

320(-16.69, 23.09]
-3.54(-4.69, -2.40]

280 (-14.91,9.31)
-15.52(-29.15, -1.89]
263(-5.08, 10.34]
-2.80(-2591,2031)
1.90 (-9.00, 12.80]
+7.90 -15.60, -0.20]
-5.45(-10.39, -0.51]
6.22(:8.26,-4.18]
+5.63 -7.35, -3.90)

4361024, 1.52)
367 [:6.04, -1.30]
377 [-5.96,-1.57]

420 1000%  -4.03(-4.88,3.19]

45.d1=3(P=022). 1 =326%

20 0 0 10 20
Favours [experimental] - Favours [contro
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Characteristics of literature Characteristics of the participants

Intervention

Measured
outcomes

References Years Country Sex (M/F) Sample Disease duration (y) Drug use/LEDD
/H&Y stage (mg/day)
NR/
[SRET4 c0 5014264
Kongetal. 2017 Singapore C:615.2347.9
E:14/7 E:20 E:§7.2253.2(months)/NR X
E: 637843943
NR/
C:630£130 3017 Ca7
Klugeretal. 2016 United States NR/HYLIV C:628.624829
E:29/18 E:47
E: 558943793
Madopar/
Ci6143 2820 cas Cia4x26
Han etal 2022 China C:37510750
E:6123 E:30/18 E:a8 E: .12 28/HYL-1II
E:375 10750
30
Zhang etal. 2018 China NR NR o NR NR
36031878 Madopar/
6736883 Css o
Luetal. 2022 China E:37.2242224 200
E:67.8147.27 E:16/16 E:32
(Mouths)/HYL-IIT D:200
55326302 2622 Ca8 Ca124121
Zhang etal. 2020 China NR
E: 52164356 E:21/27 E:48 E:4.46% 13/NR
Madopar
G728 2010 c30 C:58+40
Xiaetal. 2012 China C:600
E:7227 E:22/8 E:30 E:67+3.0/NR
E: 600
C:16266£691 cisn7 an €:4.00 (2.00-8.00)
Fanetal. 202 China NR
E:6103+9.80 E:19/13 3 E:5.00 (4.00-9.00)/HYLIV
NR/
C633584 [SREVEY c C:47£40
Moonen etal. 2021 Netherlands C:7605£517.7
633272 E 1113 24 E: 7.4 56/HYL-1II
E:839.7+10186
C:65.429.60 c7is cn C:82549.22
Paris etal. 2011 Spain NR
E:647549.19 719 E: 16 6,94 4.58/HYLIL
cron2 cra1 Clisdlsdd
C:692449
Petreli et al 2014 Germany cz7ns cn 25912468 NR
E69.1£116
E:12/10 E2 E:5.51£329/NR
C:6480£9.62 casng 35 C:56544.20
Dobkin et al. 2019 United States NR
E:65.6249.76 E:17/20 E:37 E:6.95%782/NR
50
Zhou etal. 2014 China T:60.052.06 T: 46764 g NR NR
e cs
Veazey etal. 2009 United States 72 T10 b NR NR
C65.44211.23 C:23/16 c3 C6.134556
Dobkinctal L Vted Saies E:6373£9.89 E:25/16 E:dl E: 6,53+ 553 HYLIII NE
C:693327.72 crr cis C:1067£7.36
Bernini etal. 201 taly E:7118£7.04 E:6/11 E:17 E:7.18%3.19/HY <IV NR
. Ci61.4229.72 c6n7 o C:430£156
Yang etal. 202 Chiza E:63.0647.97 E:15/18 E:33 E: 433 LSO/HY < 11T NR
Ci44554 cmng C Ci69452
Fanetal 2018 Chins E:43725.1 E:19/15 E:34 E: 743 49/HY I-IV NR
cis
Rodgers ctal. 2019 China T:63708.76 NR B1 NR NR
€:6650£7.70 1076 ci6 C:5945361 i
Kalyani etal. 2019 Australia PE : : Pty 715,56 £418.38
E:65.24£1188 E:3/14 E:17 E:3.762 288/HY L-1II B 533002 315545
5 Ci67.1263 s cio G542
SollaFetal 2019 Haly E:67.5£59 E:6/4 E:10 E:44£45HY <1l NR
Levodopa/
Rios Romenets Ci64358.1 cs cis C77246
2015 Canada 48523475
etal. E:632£99 E:12/6 E:18 E: 5.5+ 44/HYLIII B 45023407
§ C67.6489 cr Ci45£40 Levodopa + Carbidopa/C:
s etal 018 bl E:64.17.0 Bk E:18 E: 6.4+ 27/HYL-III SE:S
. , C67.028452 C1s/8 o C:336£152
el 2022 Cilna E:67.414442 E:17/16 E:33 E: 4002.06/HY > 11T NR
C:64.66:5.47 [estd cos NR/HYL-IIT NR
Wisetal 2018 b E 6242537 E:20/8 E2
Caoetal 2021 China Ci629723.27 c2110 (o5 C571£1L10 NR
E: 62454287 E:20/11 E:31 E:6.10£087/HY <1l
Moon etal. 2020 United States C65954 533233 NR/
E: 664281 E:4.25%2.1/HYLIIT C:712.643324
E: 682643011
Zhu etal, 2020 China C67.778172 00£0.39 NR
E: 68534190 684043/ HYL-111
Wangetal. 2022 China C1:66.2024.08 crnng s CL:NR Levodopa/
C2:67.95+4.86 ca10n2 cxn €2:6.09385 €:347.73£145.09
E: 68834435 E:7/16 E23 E: 663401 E:315£134.04
Cheng etal. 202 Taiwan-China  C:73.969 crs Ci6 NR/HY LIV Levodopa/
EL:716£5.1 EL:6/5 El 11 68123246
2714485 E27/6 E13 E: 573642727
Chen etal. 202 China Cl:63.7:8588 crnns cr:29 C1:3793.07 Levodopa
C2:643429.68 c12n7 c229 €2:3593.70 Benserazide/
C3:64352893 ca:12n19 a3l C3:3712247 C,.4:25010 1,000
E:64.1748.37 E: 1217 E29 E:4.142247/HY LIV E:250 101,000
Suetal. 2012 China C:59.1547 [SRETE) C:26 C:69:17 NR
E:573£59 E:15/14 E29 E:65 L4NR
Waetal. 2019 China Cl:6052538 csm Ci55514 NR
E1:59646.1 E1:30/20 E1:58%16
E231/19 E2:6.0% 17/HYLIIT
Heetal 2021 Hong Kong cors cis G255 NR
E:13/7 E:20 E:27415 HY-IV
Cardoso etal. 2008 Brazil C:63471 NR co Csed Levodopa/
E:67+83 E1 E: 1127.65/HYLIV 1100
E:975
Lietal 2020 China C:64.46:8.40 c:8i16 c C:64645.17 NR/
E: 61674692 E:8/16 E:24 E:5.48£3.69/HYLIV €:556.60£423.04

E:435.294251.12

E, experimental group; C, control group; T, total; M, male; F female; y; years; NR, not reported; HY, Hoehn and Yahr scale; LEDD, Levodopa equivalent daily dose; AT, acupuncture; AD,
antiparkinsonian drugs; TAU, treatment as usual; EAT, electroacupuncture; CM, clinical monitoring; CBT, cognitive behavioral therapy: SH, speech therapy; U-CBT, unstructured cognitive
behavioral therapy; $-CBT; structured cognitive behavioral therapy; T-CBT, telephone-based cognitive behavioral therapy: SE, stretching exercise; TS, telephone session; SPR, standard physical
rehabilitation; FTMS, repetitive transcranial magnetic stimulation; SPT, standard pharmacological treatment; R, resistance training; ATM, abdominal torsion movement; {TBS, intermittent
theta burst stimulation; DLPFC, dorsolateral prefrontal cortex; BE, bilateral frontal; PL, parietal lobes; PDQ-39, Parkinson's Disease Questionnaire-39; PDSS, Parkinsonis Disease Sleep Scale;
BSS, Bristol Stool Scale; CCS, Cleveland Clinic Constipation Score; BDI, Beck Depression Inventory: MoCA, Montreal Cognitive Assessment; HAMD, Hamilton Depression Rating Scale;
HAMA, Hamilton Anxiety Rating Scale; MMSE, Minimum Mental State Examination.

C: Sham AT
E: AT

C:Sham AT
AT

C:AD
E: AD+AT
C:EAT

e AT
C:AD

E: AD+AT

C:TAU

E: TAUSEAT

C:Sham AT
E: AT

C:SH
BT

C1: No treatment
C2:U-CBT
E:$-CBT

C:TAU
E: T-CBT + TAU

C: venlafaxine

nlafaxine + CBT

C:TAU
E: TAU + CBT

C:AD
E: AD+CBT

C: Waiting for control
-CBT

C:TAU
E: Dance

C:TAU
E: BS dance

C: Waiting for control

: RT+SPT

C:SPR
E: ATM + SPR

:RT
(T +Tai Chi

Clino treatment
C2:SE
E: Wugingi

ham rTMS

EL: SH(TBS rTMS
E2: VR-CBT+5Hz
ITBS FTMS

(Left DLPFC)
CLTAU

C2TAU +
escitalopram
C3:TAU +
pramipexole

E: TAU+5 Hz rTMS
(Left DLPFC)

C:Sham rTMS
E:05Hz 1TMS
(BE+PL)

C:TAU
E: TAU+1/5Hz rTMS
(Left DLPFC)

C: Sham iTBS
E:iTBS
(Left DLPFC)

C: Sham rTMS +
fluoxetine
E:SHZeTMS +
placebo

(Left DLPFC)

C:sham ¥TMS
E:20Hz rTMS
(M1)

(1) PDQ-39

(1) PDSS
(2)PDQ-39

(1) PDQ-39

(1) BSS
@2)ces
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Patient and Type of clinical Therapeutic FMT-effect Side-effects Reference

donor study schedule

Patient: a 71-year-old case report 200 mL of fecal The tremor nearly NO side-effects Huang et al., 2019
male with PD microbiota suspension, disappeared one week after
Donor: a 26-year-old Once daily for a period of FMT but returned in the
healthy man 3 days, Transendoscopic right lower extremity two
enteral tube, months later.
Three-month follow-up Constipation significantly
improved until the end of the
follow-up.
Patient: 15 PD patients Pilot Study Single infusion, 5 Decreased the score of PSQI, Diarrhea, abdominal Xue et al., 2020
(49 to 72 years old) patients delivered via HAMD, PDQ-39, NMSQ, pain and flatulence
Donor: healthy human nasoduodenal tube, 10 HAMA, UPDRS III at 1 and
(18 to 24 years old) patients delivered via 3 months after FMT, FMT via
colonoscopy, One-year colonoscopy was more
follow-up effective than nasointestinal
tube.
Patient: 11 PD patients Evaluation Research Nasoduodenal tube, NMSS, PAC-QOL, UPDRS, Mild diarrhea, Kuai et al., 2021
(40 to 84 years old) Twelve-week follow-up and Wexner constipation abdominal pain,
Donor: China fmtBank scores increased. venting, flatulence,
nausea, and throat
irritation
Patient: 6 PD patients (47 Case Series 300 mL of fecal NMSS, UPDRS IIT and Recurrent episodes Segal et al., 2021
to 73 years old) microbiota suspension ‘Wexner constipation scores of vasovagal
Donor: a 38-year-old delivered via increased. pre-syncope
man and a 50-year-old colonoscopy,
man. Twenty-four-week
follow-up
Patient: 27 PD patients Double-blind Sixteen capsules of FMT MDS-UPDRS total scores Nausea, flatulence, Cheng et al., 2023b
(30 to 85 years old) Randomized Trial by oral administration, increased, improved diarrhea
Donor: 4 stool donors once a week for 3 gastrointestinal disorders
consecutive weeks,
twelve-week follow-up

PD, Parkinson’s disease; EMT, fecal microbiota transplantation; PSQI, Pittsburgh sleep; HAMD, Hamilton Depression Rating Scale; HAMA, Hamilton Anxiety Rating Scale; PDQ-39, 39-item
Parkinson’s Disease Questionnaire; NMSQ, Non-Motor Symptoms Questionnaire; UPDRS, Unified Parkinson’s Disease Rating Scale; NMSS, Non-Motor Symptoms Scale; PAC-QOL, Patient
Assessment of Constipation-Quality of Life; MDS-UPDRS, Movement Disorder Society Unified-Parkinson’s Disease Rating Scale.
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Model Experimental design Outcomes References
12-13 weeks, Germ-free Thyl-aSyn Donors: PD patients or healthy Increased motor impairment was observed following Sampson et al., 2016
mice, N = 3-6 per group controls FMT, with minimal changes in weight and
FMT: single gastrointestinal function.
infusion via oral gavage
8-week-old, MPTP-treated C57BL/6 Donors: control mice Reshaped gut microbiota, decreased fecal SCFAs, Sun et al., 2018
mice, N = 15 per group FMT: oral gavage once daily for alleviated physical impairment, reduced the activation
7 days. of microglia and astrocytes in the substantia nigra,
increased striatal dopamine and 5-hydroxytryptamine,
suppressed TLR4/TNF-a signaling pathway.
8-week-old, MPTP-treated C57BL/6 Donors: control mice Alleviated physical impairment, decreased fecal SCFAs Zhong et al,, 2021
mice, N = 10 per group FMT: oral gavage once daily for and expression of a-synuclein, inhibited the activation
7 days. of microglia, suppressed TLR4/TNF-u signaling
pathway.
8-week-old, Rotenone-treated Donors: control mice Restored the gut microbiota dysbiosis, decreased the Zhao et al., 2021

C57BL/6 mice, N = 15 per group

FMT: oral gavage once daily for
14 days.

gastrointestinal dysfunctions and inflammation,
Alleviated gastrointestinal barrier destruction and BBB
impairment, ameliorated neuroinflammation and the
motor deficits, suppressed TLR4/TNF-a signaling
pathway.

6-8 weeks,
MPTP + probenecid-treated
C57BL/6 mice, N = 6 per group

Donors: control mice
FMT: oral gavage once daily for
14 days.

Restored the gut microbiota dysbiosis, reduced level of
inflammation in the substantia nigra, alleviated motor
dysfunction, reduced the activation of microglia and

astrocytes.

Zhang T. et al., 2022

10-week-old, MPTP-treated
C57BL/6 mice, N = 12 per group

Donors: PD patients or healthy
controls

FMT: oral gavage once daily for
10 days.

Fecal microbiota from healthy controls improved gut
microbiota dysbiosis, neurodegeneration, microgliosis,
astrogliosis, mitochondrial impairments through the
AMPK/SOD2 pathway, degeneration of nigrostriatal
pericytes, and BBB integrity.
fecal microbiota from PD patients revealed the
opposite result

Xie et al., 2023

Adult male
6-OHDA-treated Wistar rats, N =8
per group

Donors: control rats
FMT: oral gavage once daily for
14 days.

Increased NMNAT?2 expression, relieved
neurobehavioral deficits, reduced oxidative stress
including: GSH content, GSHPx activity and SOD

activity.

Yu]. et al,, 2023

8-week-old, MPTP-treated C57BL/6
mice, N = 17 per group

Donors: young (7 weeks) and aged
(23 months) male C57BL/6 ] mice
FMT: oral gavage once daily for
7 days.

Fecal microbiota from aged mice improved including
locomotor function, the level of neurotransmitters in
the striatum, the loss of dopaminergic neurons, gut
microbiota dysbiosis, fecal SCFAs levels and

neurogenesis in the hippocampus.

Qiao et al., 2023

PD, Parkinson’s disease; FMT, fecal microbiota transplantation; SCFAs, short-chain fatty acids; TLR4, toll-like receptor-4; TNF-a, tumor necrosis factor-alpha; BBB, blood-brain barrier;
AMPK, AMP-activated protein kinase; NMNAT?2, nicotinamide mononucleotide adenylyltransferase 2; GSH, glutathione; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; MPTP,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.
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PD: N=193 Roseburia, Enterobacteriaceae, Lachnospiraceae (including Italy Barichella et al., 2019

HC:N =113 Lachnospiraceae, Akkermansia, Roseburia) exhibited a
16S rRNA (V3-V4) Ruminococcus Verrucomicrobiaceae, negative association with
Lactobacillaceae, disease duration, while
Oscillospira Lactobacillaceae (including

Lactobacillus) and
Akkermansia (as well as
Verrucomicrobia and
Verrucomicrobiaceae)
showed a positive association
with disease duration.
Patients with higher
abundance in
Christensenellaceae
demonstrated more severe

non-motor symptoms.

PD: N =147 Turicibacter Anaerotruncus, The Hoehn and Yahr staging Luxembourg Baldini et al., 2020
HC:N =162 Christensenella, revealed a negative
16S rRNA (V3-V4) Lactobacillus, association with
Streptococcus, Paraprevotella, while
Akkermansia, Bilophila showing a positive

association with Bilophila.

PD: N =96 Proteobacteria, Extended duration of PD was USA Zhang K. et al., 2022

HC:N =74 Actinobacteria, found to be correlated with
16S rRNA (V4) Enterococcus, decreased levels of the
Verrucomicrobiota, Synergistota phylum and
Akkermansia, significant shifts in six
Ruminococcaceae, genera. There were increased
Hungatella levels of Fournierella,

DTU089, and Haemophilus,
as well as decreased levels of
Pseudomonas, Lactobacillus,
and Roseburia. In addition,
two genera were linked to
higher UPDRS III scores: an
increased level of
Lachnospiraceae_NK4B4_
group and a decreased level

of Senegalimassilia.

Two independent Faecalibacterium, Actinobacteria, USA Boktor et al., 2023
cohorts PD, N1 =48, Roseburia genera, Bifidobacterium bifidum,
N2 =47, household Faecalibacterium Eisenbergiella tayi,
controls, N1 = 29, prausnitzii, Eubacterium Ruthenibacterium
N2 =30, healthy lactatiformans,
population controls, Akkermansia
N1=41,N2=49 muciniphila
Shotgun metagenomics
PD: N=42 Firmicutes, Verrucomicrobiota Turkey Babacan Yildiz et al.,
HC:N =42 Coriobacteriales Incertae Lactobacillaceae, 2023
16S rRNA (V3-V4) Sedis, Lachnospiraceae Akkermansiaceae,
ND3007 group, Lactobacillus

Eubacterium hallii
group, Tyzzerella,
Ruminococcus
gauvreauii group,

Fusicatenibacter,

Prevotella

PD, Parkinson’s disease; HC, healthy control; 16S rRNA, 16S ribosomal RNA; qPCR, quantitative real-time PCR; iRBD, isolated REM sleep behavior disorder; UPDRS, Unified Parkinson’s

Disease Rating Scale.
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Subgroups and Decreased taxa Increased taxa Clinical significance References
sequencing of microbiome
methods variation
PD:N=71 Prevotellaceae The prevalence of Finland Scheperjans et al,,
HC:N=72 Enterobacteriaceae 2015
16S rRNA (V1-V3) demonstrated a positive
correlation with the severity
of postural instability and gait
difficulty.
PD: N=34 Bacteroidetes, Enterobacteriaceae Germany Unger et al,, 2016
HC:N=34 Prevotellaceae
qPCR
PD: N =89 Dorea, Bacteroides, Christensenella, Russia Petrov et al., 2017
HC: N =66 Prevotella, Catabacter, Lactobacillus,
16S rRNA (V3-V4) Faecalibacterium, Oscillospira,
Stoquefichus Bifidobacterium,
massiliensis, Blautia Ruminococcus bromii,
glucerasea, Coprococcus and Papillibacter
eutactus, and cinnamivorans
Ruminococcus callidus
PD: N=197 Lachnospiraceae, Bifidobacteriaceae, Microbiome variation may be USA Hill-Burns et al.,
HC: N =130 Pasteurellaceae, Lactobacillaceae, related to the metabolism of 2017
16S rRNA Verrucomicrobiaceae Tissierellaceae, botanical compounds and the
Christensenellaceae degradation of xenobiotics.
PD: N=74 Prevotella The lower abundance of Finland Mertsalmi et al.,
HC:N=75 Prevotella bacteria in PD 2017
16S rRNA (V1-V3) patients with irritable bowel
syndrome.
PD: N=31 Prevotella copri, Alistipes shahii, Germany Bedarfetal., 2017
HC: N =28 Clostridium Akkermansia
Shotgun metagenomics saccharolyticum, muciniphila
Eubacterium biforme
PD:N=76 Melainabacteria Verrucomicrobia, Eighty percent of the distinct Germany Heintz-Buschart
iRBD: N =21 Verrucomicrobiales, gut microbes in PD etal., 2018
HC:N=78 Verrucomicrobiaceae, compared with iRBD were
16S and 18S rRNA (V4) Akkermansia, Prevotella identified.
In PD: Motor symptoms
related to Anaerotruncus
spp., Clostridium XIVa, and
Lachnospiraceae, Non-motor
symptoms related to
Anaerotruncus,
Akkermansia, and several
unclassified Bacteria.
PD: N =45 Lactobacillus, Genera Clostridium IV, The presence of China Qian et al., 2018
HC: N =45 Sediminibacterium Sphingomonas, Escherichia/Shigella showed a
16S rRNA (V3-V4) Aquabacterium, negative correlation with the
Clostridium XVIII, duration of disease, while
Holdemania, Dorea and
Anaerotruncus, Phascolarctobacterium
Butyricicoccus demonstrated a negative

association with levodopa
equivalent doses.
Additionally, Butyricicoccus
and Clostridium XIVb were
found to be linked with

cognitive impairment.
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Rank  Keyword Centrality Year  Rank Keyword Count Year
1 Parkinson's disease 387 001 1999 12 Clozapine 7 005 2000
2 Visual hallucinations 254 004 1999 13 Cognitive dysfunction 7 020 2000
3 Dementia 191 005 1999 14 Alzheimer’s disease 67 009 1999
4 Psychosis 159 003 1999 15 Diagnosis 8 011 2000
5 Hallucinations 121 001 2000 16 Quetiapine 8 004 1999
6 Symptoms 10 004 2001 17 Non-motor symptoms 2 0 2013
7 Druginduced psychosis 99 0 2001 18 Neuropsychiatric symptoms 0 001 2005
8 Risk factors 98 001 2002 19 Dementia with Lewy bodies 39 021 1999
9 Prevalence 98 002 2001 20 Nursinghome placement 39 005 2002
10 Lewy body 86 003 2001 21 Atypical antipsychotic(s) 38 0.16 2000

1 Double bli

81 013 1999 2 Parkinson's disease psychosis 38 0.03 2011
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miRNAs  mRNAs  miRNA- IncRNAs  miRNA-

from from mRNA from IncRNA
plasma SN interaction plasma interaction
score score
miR-671 ANKIL -0.10 LINC02179 0.048
CBLNL —~0.06 LINCO1762 0.022
RGS4 —0.08 GALNT9- 0015
SLC6A3 017 ASL 0.002
SYNGR3 —-0.30 HOXB-AS3 0.008
VSNLL —0.60 LINC01238 0.048
DDC 027 LINC02519 0.041
KCNJ6 —-0.26 LINC02675 0.006
svac —0.02 LINC02816 0.013
LINCO1345 0.008
LINC01756 0.0002
LINCO1657 0.019
LINC02572 0.005
SEMA3B- 0.013
ASL 0.019
PLCXD2- 0.019
ASL 0.028
LINCO1487 0.005
LINC02428 0.002
LINCO1951 0.027
LINCMD1 0.003
LINC02527 0018
LINCO3015 0.023
LINC02735 0.039
GPC5-ASL 0.009
SPATAS- 0.003
ASL
LINC02876
LINCO1987
LINC00322

The interaction score between miRNA and mRNA, as well as between miRNA and IncRNA,
were evaluated using the same method as described in Table 2A.
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Source

Term_size

Query_size

Intersections

GO:MF
GO:MF
GOMF
GO:BP

GO:BP

Term_name Term_id Adjusted
p_value
lipoamidase activity GO:0061690 0.049904
NAD-dependent protein lipoamidase activity GO0106419 0049904
NAD-dependent protein biotinidase activity GO:0106420 0049904
Prostaglandin transport GO:0015732 0.007445

Eicosanoid transport GO0071715 0.038055

2

65

SIRT4

SIRT4.

SIRT4.
P2RX7, SLCO4AL

P2RX7, SLCO4AL
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Source Term_name i Adjusted Term_size Query_size Intersections

p_value

SYNGR3, VSNLI, $V2C, ANKI, CBLNI,

GO:BP Secretion GO:0046903 0.000749 954 ] SLC6A3

GO:BP Exocytosis GO:0006887 0.009922 346 ;] SYNGR3, VSNLI, SV2C, ANK1

GO:BP Secretion by cell GO:0032940 0.011568 821 t ] SYNGR3, VSNLI, SV2C, ANK1, CBLN1
GoBP Dopamine biosynthetic process GO002416 | 0.012491 12 9 DDC, SLC6A3

GO:BP Export from cell GO:0140352 0.016861 887 9 SYNGR3, VSNLI, SV2C, ANK1, CBLN1
GO:BP Catecholamine biosynthetic process GO:0042423 0.039663 21 t ] DDC, SLC6A3

Catechol-containing compound
GoBP GO:0009713 0.039663 2 9 DDC, SLC6A3
biosynthetic Process

GO:CC | Dopaminergic synapse GO:0098691 0.001641 1 9 SV2C, SLC6A3

GO:CC Synapse GO:0045202 0014997 1451 9 SYNGR3, $V2C, ANKI, CBLN1, SLC6A3
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miRNAs  mRNAs ~ miRNA-  [ncRNAs miRNA-

from from mRNA from IncRNA
plasma SN interaction plasma interaction
score score
miR411 | P2RX7 -013 LINC00887 31
HSPAL -0.02 HILPDA- 06

Ast 081
SLCOARI- 0029
Ast
DARSI-ASI

miR-1193  P2RX7 ~017 LINC00887 0.63

SLCO4AL -03 HILPDA- 0031

Ast 0.65
SLC9A3RI-
ASL

miR301b  RADS2 LINC00887 063
HILPDA- 012
ASL 0026
SLCOA3RI- 012
AsL 0047
MSC-AS1 0019
YEATS2- 0.086
ASL on
LINCO0861
LINC02605
LINC02576

miR- RADS2 -0.18 LINC00887 072

514023 SIRT4 -019 HILPDA- 055
ASt 0051
COL4A2- 0.0008
A2
LINC02576

The interaction score between miRNA and mRNA was evaluated using the Total context++
score from Targetscan, and the interaction score between miRNA and IncRNA was evaluated
using E value from Blastn.





