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Study objective: This proof-of-concept study aimed to determine whether the combined features of two non-rapid eye movement (NREM) sleep biomarkers acquired predominantly in-home could characterize different neurodegenerative disorders.
Methods: Sleep spindle duration and non-REM hypertonia (NRH) were evaluated in seven groups including a control group (CG = 61), and participants with isolated REM sleep behavior disorder (iRBD = 19), mild cognitive impairment (MCI = 41), Parkinson disease (PD = 16), Alzheimer disease dementia (ADem = 29), dementia with Lewy Bodies or Parkinson disease dementia (LBD = 19) and progressive supranuclear palsy (PSP = 13). One-way analysis of variance (ANOVA), Mann–Whitney U, intra-class (ICC) and Spearman ranked correlations, Bland–Altman plots and Kappa scores, Chi-square and Fisher exact probability test, and multiple-logistic regression were focused primarily on spindle duration and NRH and the frequencies assigned to the four normal/abnormal spindle duration/NRH combinations.
Results: ANOVA identified group differences in age, sleep efficiency, REM, NRH (p < 0.0001) and sleep time (p = 0.015), Spindle duration and NRH each demonstrated good night-to-night reliabilities (ICC = 0.95 and 0.75, Kappa = 0.93 and 0.66, respectively) and together exhibited an association in the PD and LBD groups only (p < 0.01). Abnormal spindle duration was greater in records of PSP (85%) and LBD (84%) patients compared to CG, MCI, PD and ADem (p < 0.025). Abnormal NRH was greater in PSP = 92%, LBD = 79%, and iRBD = 74% compared to MCI = 32%, ADem = 17%, and CG = 16% (p < 0.005).The combination biomarker normal spindle duration/normal NRH was observed most frequently in CG (56%) and MCI (41%). ADem most frequently demonstrated normal spindle duration/normal NRH (45%) and abnormal spindle duration/normal NRH (38%). Normal spindle duration/abnormal NRH was greatest in iRBD = 47%, while abnormal spindle duration/abnormal NRH was predominant in PSP = 85% and LBD = 74%.
Conclusion: The NREM sleep biomarkers spindle duration and NRH may be useful in distinguishing patients with different neurodegenerative disorders. Larger prospective cohort studies are needed to determine whether spindle duration and NRH can be combined for prodromal assessment and/or monitoring disease progression.

KEYWORDS
 sleep spindles, non-REM hypertonia, neurodegenerative disease, sleep biomarkers, Alzheimer’s disease, parkinsonism


1. Introduction

Sleep impacts brain health by enabling glymphatic clearance, thereby reducing possible toxic metabolites that accumulate during wakefulness (1), and facilitating synaptic homeostasis and consolidation (2, 3). Conversely, insufficient sleep may result in buildup of beta amyloid, tau, and synuclein proteins, and compromised cognitive function (e.g., memory and learning) (4–7).

Studies suggest biomarkers measured during sleep hold promise in the characterization and monitoring of neurodegeneration along the continuum of prodromal disease, symptomatic mild cognitive impairment and eventual dementia. Decreased sleep spindle oscillations have been associated with cognitive decline in older adults, increased tau levels, and development of dementia in patients with Parkinson disease (8). Patients with Alzheimer disease dementia and progressive supranuclear palsy also exhibit reduced spindle activity, reflecting decreased thalamocortical network neuronal activity (9). Amongst individuals with cognitive decline, those with increased muscle activity during rapid eye movement (REM) sleep, known as REM sleep without atonia (RSWA), most often have synucleinopathy pathology (10–14). In our pilot study, sleep spindle duration and non-REM hypertonia (NRH), a recently validated sleep biomarker, were each independently associated with a range of Parkinsonian spectrum disorders (15).

The aim of this proof-of-concept study was to determine whether features of the non-REM (NREM) sleep biomarkers spindle duration and NRH could be combined to characterize patients associated with specific neurodegenerative disorders. Biomarkers found to be orthogonal and predictive make good candidates for machine learning algorithms that might distinguish patients with prodromal or early stage disorders [i.e., isolated rapid eye movement sleep behavior disorder (iRBD) and mild cognitive impairment (MCI)], from those with the manifest neurodegenerative disorders [i.e., Parkinson disease (PD), Alzheimer disease dementia (ADD), dementia with Lewy bodies (DLB), Parkinson disease dementia (PDD), and progressive supranuclear palsy (PSP)]. This study foreshadows eventual application of a comprehensive sleep neurodegenerative profiling capability that could be acquired in the patient’s home.



2. Methods


2.1. Participants

Seven groups totaling 194 records were acquired under IRB review and approval at each of the seven study sites, including 61 controls without known cognitive impairment (CG = control group with mini-mental state exam score ≥ 29), 19 patients with iRBD, 41 with MCI, 16 with PD, 29 with ADem, 19 with Lewy body dementia (LBD: DLB = 15, PDD = 4), and 13 with PSP. A detailed description of the criteria used for selection of CG, MCI, PD, ADem, LBD, and PSP participants was previously described (15). iRBD participants were diagnosed according to the International Classification of Sleep Disorders, 3rd edition diagnostic criteria, which required the presence of RSWA documented by polysomnography (PSG) and dream enactment behavior based on a clinical history or video-PSG recording (16).



2.2. Recordings

Sleep Profiler (SP) recordings were acquired from electroencephalography (EEG) sensor sites AF7-AF8, AF7-Fpz and AF8-Fpz (Advanced Brain Monitoring, Carlsbad, CA, USA) with self-application in the participants home, or during simultaneous in-lab PSG acquisition in iRBD patients. The SP records were auto-staged using previously described machine-learning algorithms intended to conform to the standard American Academy of Sleep Medicine guidelines for the visual characterization of sleep (17, 18). The artificial intelligence-based staging algorithms incorporated within-epoch temporal power spectral characteristics in combination with auto-detected individual slow waves, sleep spindles, cortical arousals, and electromyographic (EMG) excursions, and the within-epoch phasic correlations across the two signals containing electrooculography activity (i.e., AF7-Fpz versus AF8-Fpz). The auto-staging accuracy with and without technical review was validated compared to visual scoring of PSG records in subjects including those referred for an assessment of sleep disordered breathing (17). Staging accuracy in patients with iRBD (subsequent to technical edits based on SP Guidelines for Patients with Neurodegenerative Diseases) was also validated in comparison to simultaneously acquired PSG (19, 20).



2.3. Sleep spindles

Automated sleep spindle detection began with recognition of an excursion in sigma power (12–16 Hz) in combination with burst of alpha (8–12 Hz) power measured in 250 millisecond increments (Figure 1). Combinations of sigma and alpha thresholds ensured both fast and slow spindles were detected, irrespective of amplitude. Additional thresholds were applied to the beta and EMG bands to reduce the incidences of medication-related false-positive events. Sleep spindles were required to have a minimum duration of 0.5-s, a maximum duration of 3-s, and to be non-overlapping with cortical arousals.
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FIGURE 1
 Flow chart for detecting sleep spindles in the EEG signal differentially recorded from the frontopolar sites Af7 and Af8.


Spindle duration was computed as the sum of the elapsed times for all sleep spindles during N2 and N3 sleep. Spindle density was based on the number of spindles divided by the total minutes of stages N2 and N3. A threshold for abnormal spindle duration was set at 1 min or less based on receiver operating characteristic (ROC) curves comparing the ADem, LBD/DLB and PSP groups to the CG, iRBD, MCI, and PD groups in this cohort. This optimized threshold yielded an area under the curve (AUC) of 0.65 (95% confidence interval range 0.57–0.72), with sensitivity of 0.66 and specificity of 0.64. This threshold was then used to differentiate abnormal/normal spindle density for orthogonal classifications within and across the groups.



2.4. Non-REM hypertonia (NRH)

Factors leading to its discovery and a flow chart detailing the criteria employed for the automated detection of NRH were recently described (15). The algorithms included pattern recognition of persistently elevated electromyographic (EMG) power relative to delta, theta, and sigma bands within each 30-s epoch. Variability thresholds were applied within and across a minimum of four contiguous epochs to ensure EMG bursts attributed to sleep-disordered breathing arousals, movements, etc. were not mischaracterized as NRH. Rules were then applied to combine epochs into contiguous epoch blocks of NRH.

NRH was calculated as a percentage of total sleep time based solely on auto-detected blocks, i.e., no edits were made to add or remove NRH. Incidences of NRH were excluded during the first 10 min of elapsed sleep at onset or 10 or more minutes of upright time. The threshold for abnormal NRH was determined to be ≥5% of sleep time using ROC analysis yielding an AUC of 0.77, and having sensitivity of 0.75 across iRBD, PD, PDD, DLB and PSP, and specificity of 0.79 for CG, MCI and ADem, equivalent to a previous published similar analysis from the NRH validation study which did not include iRBD patients (15).



2.5. Data analysis

Inter-class correlations (ICC), Bland–Altman plots (bias ±1 standard deviation), and Kappa scores were used to assess night-to-night variability in the 147 in-home SP recordings records with two-nights of data (i.e., 76% of all recordings). The sleep metrics for two-night studies were then weight-averaged [i.e., Night 1 value × (sleep times night 1/ nights 1 + 2) + Night 2 value × (sleep times night 2/ nights 1 + 2)]. One-way Analysis of variance (ANOVA) was used to identify variables that characterized group differences. Spearman ranked correlations were used to assess the interrelationships between spindle durations and NRH for each group. Mann–Whitney U tests were used to identify pairwise group differences in demographic, sleep, medications and NREM biomarker characteristics. Multiple logistic regression models were used to assess factors that influence spindle duration and NRH using all records except one PSP and three PD patients with missing medication information. The “dopaminergic agents” category included both dopamine agonists and levodopa formulations, while the “AChE/NMDA” category included both acetylcholinesterase inhibitors and N-Methyl D-aspartate receptor antagonists.

Tallies were made, group distributions were computed, and the NREM biomarkers were combined into four different categories based on the pairing of abnormal/normal spindle duration and abnormal/normal NRH. For individual variable pairwise comparisons, statistical significance was set at p ≤ 0.025 using a Bonferroni correction. For the multiple logistic regression and orthogonal variable combinations, significance was set to alpha level of 0.05. Chi-square and Fisher exact probability tests were used to compute the odds ratios (OR) related to differences in the distributions of cases assigned to each orthogonal category. All results are presented in the same group order (i.e., CG, iRBD, MCI, PD, ADem, LBD, PSP). Distributions of sleep metrics and between-group comparisons of abnormal NRH for the CG, PD and PSP groups were previously reported (15).




3. Results


3.1. Across group comparisons

One-way ANOVA was used to evaluate group effects on the demographic, sleep, and NDD biomarker variables presented in Table 1. Group differences were most pronounced in age, sleep efficiency, %REM, and NRH (all p < 0.0001), followed by sleep time (p = 0.015). Spindle duration (p = 0.052) and spindle density (p = 0.065) both trended toward significant group differences.



TABLE 1 Distributions of key demographic, sleep, medications characteristics with greater or reduced mean ± SD values identified.
[image: Table displaying demographic and sleep metrics data across different groups: CG, iRBD, MCI, PD, ADem, LBD, and PSP. It includes number of subjects, percentage of females, age, sleep time and efficiency, REM stage, NREM biomarkers, and medication use. Notable variations in these metrics are highlighted in red and green, indicating significant deviations in sleep and medication data among the groups. The table also notes adjustments for missing medication information.]



3.2. By group comparisons

There was a greater proportion of women than men in the CG compared to the ADem and LBD groups and in PSP versus LBD (all p < 0.025). The CG was younger than MCI, ADem and LBD (p < 0.01), iRBD patients were younger than MCI, ADem, and LBD (p < 0.025), and PD was younger than ADem (p < 0.01).

The CG had greater sleep time compared to iRBD and PSP (p ≤ 0.025). The sleep efficiencies of PSP were less than in all other groups (p < 0.005), LBD were less than CG and MCI (p < 0.002), and the ADem patients were less than CG (p < 0.0005). Both the PSP and LBD groups exhibited less REM sleep compared to CG, MCI, PD and ADem (p < 0.002), and the ADem had less REM sleep compared to CG (p < 0.0005). Spindle duration was reduced in both the PSP and LBD groups compared to CG, iRBD, MCI, and ADem (p < 0.025).

The CG had less SSRI/SNRI use compared to iRBD, MCI, LBD, PSP (p < 0.001), and ADem groups (p < 0.025). Use of dopaminergic agents was greater in PD and PSP patients compared to CG, iRBD, MCI, and ADem (p < 0.01), and when the LBD group was compared to CG and MCI (p < 0.01). AChE/NMDA use was greater in LBD compared to CG, iRBD, MCI, PD, and PSP (p < 0.01), the ADem group versus CG, iRBD and PD (p < 0.007), and in MCI patients compared to CG (p < 0.01). Benzodiazepine use was greater in the PD versus the CG, MCI, and ADem, and in iRBD patients compared to CG (p < 0.002).



3.3. Night-to-night reliability of NREM biomarkers

Spindle duration exhibited strong night-to-night reliability (ICC = 0.95, p < 0.0001, Bland Altman bias: 0.15 ± 2.66 min). In the two-night recordings, normal or abnormal spindle duration was classified consistently across nights in 97% of records (kappa = 0.93) with 53% being abnormal.

NRH demonstrated moderate night-to-night reliability (ICC = 0.75, p < 0.0001, Bland Alman bias: 0.60 ± 6.74%). Normal/abnormal night-to-night consistency was observed in 84% of the records (kappa = 0.66), with 32% characterized with abnormal NRH.



3.4. Interrelationships between NREM biomarkers

An association between spindle duration and NRH was observed in PD (rs = 0.63, p < 0.01) and LBD (rs = 0.62, p < 0.005) but not in AD (rs = 0.02, p = 0.91), MCI (rs = 0.2, p = 0.88). iRBD (rs = 0.32, p = 0.19) and CG (rs = 0.21, p = 0.10).



3.5. Distributions and factors that influence NREM biomarker abnormality

Abnormal spindle duration was significantly greater for LBD (84%) and PSP (85%) compared to CG (36%), iRBD (32%), MCI (39%), PD (38%), and ADem (45%) (p < 0.025). Abnormal NRH was observed in a greater number of PSP patients (92%) versus CG (16%), MCI (32%), and ADem (17%) (all p < 0.0005), when LBD (79%) and iRBD (74%) were compared to CG, MCI, and ADem (p < 0.005), and for PD (56%) versus CG and ADem (all p < 0.01).

Multiple logistic regression models were fit to explore relationships between dependent variables of normal versus abnormal classifications for spindle duration or NRH, each with independent variables sex, age, use of SSRI/SNRIs, dopaminergic agents, AChE/NMDA medications, and/or benzodiazepines, and diagnostic group. Spindle duration was associated with sex (p < 0.002; Odds Ratio: OR = 0.34, 95% CI: 0.18–0.67), age (p = 0.019; OR = 1.04, 95% CI: 1.007–1.08), benzodiazepine use (p = 0.035; OR = 0.15, 95% CI: 0.02–0.87) and diagnostic group (p = 0.01; OR = 0.73, 95% CI: 0.57–0.93). NRH was associated with SSRI/SNRI use (p < 0.0005; OR = 3.63, 95% CI: 1.81–7.28) but not diagnostic group (p = 0.081, OR = 0.82, 95% CI: 0.66–1.02). Table 2 presents the by-group proportions of cases with benzodiazepine use and/or having abnormal spindle duration and cases with SSRI/SNRI use and/or having abnormal NRH.



TABLE 2 Distributions of medication use and/or abnormal spindle duration (SpD) and non-REM hypertonia (NRH) by group.
[image: Table showing medication use, abnormal biomarkers, and their percentages across conditions: NC, MCI, PD, iRBD, ADem, LBD, and PSP. Two medication categories are listed: benzodiazepine and spindle duration, and SSRI/SNRI and NRH, with breakdowns for "Yes" and "No" in both categories. Percentages indicate the presence of abnormal biomarkers for each condition under different medication use scenarios.]



3.6. Within-group distributions across NREM biomarker combinations

Within-group distributions across the four biomarker combinations are presented in Figure 2. The proportion of the CG group with normal spindle duration and normal NRH (56%) was greater than the other orthogonal combinations (p < 0.006, all OR > 3, 95% CI range: 1.4–40.1). CG participants having abnormal spindle duration and normal NRH (30%) were also greater than those with abnormal NRH and normal spindle duration (8%) or abnormal spindle duration (7%) (p < 0.005; both OR > 4.7, 95% range: 1.6–18.9).

[image: Bar charts showing the percentage distribution of different conditions. Each chart compares four groups: Sp=N, NRH=N; Sp=A, NRH=N; Sp=N, NRH=A; Sp=A, NRH=A. The conditions displayed are: A) Control Group, B) REM Sleep Behavior Disorder, C) Mild Cognitive Impairment, D) Parkinson's Disease, E) Alzheimer's Disease Dementia, F) Lewy Body Dementia, G) Progressive Supranuclear Palsy. Significant differences are indicated with p-values above the bars.]

FIGURE 2
 Proportional distributions by group across the four orthogonal categories based on normal (N) or abnormal (A) by spindle duration (Sp) or non-REM hypertonia (NRH).


MCI patients were more likely to have normal spindle duration with normal NRH (42%) versus abnormal spindle duration and abnormal NRH (12%) (p < 0.007; OR = 5.1, 95% CI: 1.7–15.7).

The proportion of iRBD participants with normal spindle duration and abnormal NRH (47%) was greater than those with abnormal spindle duration and normal NRH (5%) (p < 0.01; OR = 16.2, 95% CI: 1.8–147.1).

In ADem the frequency of combined normal spindle duration and normal NRH (45%) was greater than those with abnormal NRH and either normal spindle duration (10%) or abnormal spindle duration (7%) (p < 0.01; both OR > 7.0, 95% CI range: 1.7–28.6). The proportion with abnormal spindle duration with normal NRH (38%) was also greater than either orthogonal category having abnormal NRH (p < 0.05; both OR > 5.3, 95% CI range: 1.3–41.7).

The proportion of LBD with abnormal spindle duration and abnormal NRH (74%) was greater than all other orthogonal combinations (p < 0.0005; all OR > 23.8, 95% CI range: 4.0–481.9) except the PSP group, which exhibited an even greater frequency of abnormal spindle duration and abnormal NRH (85%) (all p < 0.0005; all OR > 66, 95% CI range: 5.2–833.6).



3.7. Across group distributions of NREM biomarker combinations

The combination of normal spindle duration and normal NRH presented in Figure 3A was greater in CG (56%), MCI (42%), and ADem and versus LBD (11%) and PSP (8%) (p < 0.05), and when CG was compared to iRBD (21%) (p < 0.01).

[image: Four bar charts labeled A to D showing proportions of different groups with varying spindle duration and neuroradiological hyperechogenicity (NRH). Group categories include CG, iRBD, MCI, PD, ADem, LBD, and PSP, each represented by colored bars. Chart A displays normal spindle duration and NRH, chart B abnormal spindle duration and normal NRH, chart C normal spindle duration and abnormal NRH, and chart D abnormal spindle duration and NRH. P-values indicate statistical significance among groups. The y-axis measures the proportion of the group from 0% to 70%.]

FIGURE 3
 Comparison of proportions of cases across groups with (A) normal spindle duration and Non-REM hypertonia (NRH), (B) abnormal spindle duration and normal NRH, (C) normal spindle duration and abnormal NRH, and (D) abnormal spindle duration and NRH. CG, control group; iRBD, isolate REM sleep behavior disorder; MCI, mild cognitive impairment; PD, Parkinson disease; AD, Alzheimer’s disease dementia; LBB, Lewy body dementia; PSP, progressive supranuclear palsy.


Figure 3B displays relative distributions for abnormal spindle duration and normal NRH with ADem (38%) greater than iRBD (5%), LBD (11%) and PSP (0%), while CG (30%) was greater than iRBD, and both CG and MCI (27%) were greater than PSP (all p < 0.05).

Figure 3C shows the combination of normal spindle duration and abnormal NRH, with iRBD (47%) greater versus CG (8%), MCI (20%), ADem (10%), LBD (5%), and PSP (8%), and when PD (31%) was compared to CG (p < 0.05).

Those with both abnormal spindle duration and abnormal NRH (Figure 3D) were predominantly seen in PSP (85%) and LBD (74%), significantly more than in CG (7%), iRBD (26%), MCI (12%), PD (25%), and ADem (7%) (all p < 0.01), and more often in iRBD when compared to CG (p < 0.05).




4. Discussion

This proof-of-concept study examined an approach for distinguishing neurodegenerative disorders based on application of novel non-REM sleep biomarkers, both individually and combined. Unlike non-REM sleep stages N1, N2 and N3, both spindle duration and NRH distinguished across-group differences and identified unique within-group patterns. This novel approach could have future widespread applicability given the capacity for in-home acquisition by the SP, which included 90% of study participants in this study, and use of automated detection of biomarker severity scores that exhibited strong between-night reliability and uniquely characterized a diverse range of neurodegenerative disorder types.

Sleep spindles appear to originate in the thalamus and provide an index of connectivity of the hippocampo-cortical circuitry involved with memory consolidation (21). The spindle detection algorithms used in this study were triggered by recognition of peaks in sigma power, included power bands that captured both fast and slow spindles, and were limited in length, i.e., patterns consistent with other studies (22, 23). Abnormal spindle duration was predominant in those with dementia associated with presumed accumulations of α-synuclein or 4-R tau pathology, and to a lesser degree AD-related synaptic loss. Despite reduced sleep times, iRBD patients exhibited similar spindle duration as the CG, probably due to age-related group differences.

Topographical mapping of spindle sigma power is typically central in origin, however spindle detection from frontal region demonstrated near perfect night-to-night reliability which could be expected from a genetic-like biomarker (24) and across group delineations consistent with neurodegeneration (8, 21–23, 25). We found spindle duration and spindle density were essentially equivalent in recognizing group differences. While spindle duration was selected for the majority of the analyses, additional investigations are needed to determine the conditions under which specific spindle measures are most useful as prodromal biomarkers for dementia, especially in patients with shorter disease duration or compromised sleep architecture.

The proportion of ADem patients who exhibited abnormal spindle duration was no greater than the CG, MCI, PD and iRBD groups, suggesting that clinical and/or imaging disease-specific ADem severity measures, or perhaps other novel spindle characteristic properties (i.e., amplitude, average spindle duration, fast versus slow spindle ratios, spindle-slow oscillation coupling properties, regional changes in topographic spindle expression, etc.) may be needed to delineate the relationship between sleep spindles and cognitive decline in ADem (23, 26, 27). Longitudinal studies are currently underway to expand the number of sleep records in each group while concurrently acquiring objective daytime measures of memory consolidation in an effort to evaluate the potential usefulness of spindle duration as a biomarker to predict age-related cognitive decline and to explore the relationships between the various sleep spindle measures (e.g., fast versus slow, occurring in stage N2 versus N3, duration versus density, etc.) across neurodegenerative disorder groups (22, 23, 25).

The pathophysiology underlying NRH remains unclear, however one hypothesis is that NRH reflects degeneration in GABAergic neurons in the substantia nigra and occurs primarily in those with synucleinopathies and PSP (28, 29). Thresholds applied to EMG power for detection of NRH were designed to ensure events were not called as a result of abnormal slowing in LBD patients who are awake (15). It appears that NRH may have utility in assessing advanced stages of synucleinopathies when REM sleep is limited, or detection impaired by delta and theta intrusion. Data are currently being acquired to further investigate the association between NRH and RSWA across a range of Parkinsonian spectrum disorders (20).

Abnormal spindle duration coupled with abnormal NRH may suggest a pattern of neurodegeneration shared by different Parkinsonian spectrum disorders, given it was predominant in LBD and PSP patients but present in only 7% of ADem patients. Longitudinal studies are needed to determine whether the 26% of iRBD patients having both of these non-REM sleep abnormalities are at higher risk of eventual phenoconversion than the 47% of iRBD patients with abnormal NRH coupled with normal spindle duration, and whether these markers may predict a predominant motor (i.e., prodromal PD) or cognitive impairment (prodromal DLB, or concomitant RBD with ADem) trajectory in suspected synucleinopathy populations.

As compared to the other subgroups, the PD cohort exhibited the most homogeneous distributions across the orthogonal categories. Thirty-one percent exhibited the pattern most common in CG (i.e., normal spindle duration and NRH), 31% exhibited a pattern most common in the iRBD group (i.e., normal spindle duration and abnormal NRH), and 25% exhibited the pattern typical of LBD with abnormalities in both spindle duration and NRH biomarkers. Future studies in patients with well-documented symptomatology will be needed to clarify the role of NREM sleep biomarkers in monitoring Parkinson progression.

Previously we reported abnormal NRH was associated with Parkinsonian spectrum disorders (i.e., PD, LBD and PSP) independent of SSRI/SNRI use (15). In this study, SSRI/SNRI use was associated with abnormal NRH, but with a potential interaction with diagnostic group that would likely achieve statistical significance with slightly larger group sample sizes. Studies are currently underway to expand the data sets for MCI, PD, iRBD, ADem, and LBD groups in an effort to clarify the relationship between SSRI/SNRI use and NRH (i.e., causal or coincidental) and to compare the influence of SSRI/SNRI use on both RSWA and NRH.

This study has several limitations. It provided preliminary evidence to suggest unique patterns can be elucidated in neurodegenerative disorder groups when clinical cutoffs were selected, and combinations of normal/abnormal sleep biomarkers were combined. These findings, however, were based on relatively small data sets, the presumption that patients were accurately assigned into each neurodegenerative disorder group, and uncertainty as to disease progression, i.e., early vs. late stage.

The extraction of sleep biomarkers from a frontal montage enabled self-application and in-home acquisition but deviated from conventional in-laboratory montages (16). Sleep staging is more difficult in patients with a NDD with any montage, however we previously demonstrated that auto-staging from a frontal montage combined with technical review was superior to visual staging of PSG recordings using the standard montage for detection of stages N3 and REM in iRBD patients (20). Importantly, the automated NRH and spindle duration algorithms required no technical review to achieve the reported detection accuracy and reliability.

This study was also limited by inconsistent across-site acquisition of neuropsychological testing, which precluded exploration of interrelationships between the sleep biomarker severities and the specific type and severity of cognitive decline. Further, the results need to be externally validated, given that the clinical cutoffs were both selected and then applied within the same data set. New data sets and longitudinal recording are being acquired to independently validate the repeatability and generalizability of these findings.

In summary, these preliminary findings suggest that NREM sleep biomarkers may aid in the discrimination of different neurodegenerative disorders. Larger prospective cohort studies will be needed to validate these proposed orthogonal classifications of sleep biomarkers.
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Gastric-filling ultrasonography to evaluate gastric motility in patients with Parkinson's disease
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Background: Delayed gastric emptying is a common non-motor symptom of Parkinson's disease (PD). However, there is currently no objective evaluation and diagnostic method for this condition.
Objectives: The purpose of this study was to evaluate the feasibility of gastric-filling ultrasonography for gastric motility in patients with PD and the relationship between gastric dynamics and gastrointestinal symptoms and motor symptoms of PD.
Design, setting, and patients: We performed a case-control study with 38 patients with PD and 34 healthy controls.
Methods: All patients underwent a 120-min ultrasonography examination using a 500-ml semi-liquid test meal. We determined the antral contraction amplitude (ACA), the antrum contraction frequency (ACF), the motility index (MI), and the gastric antral cross-sectional area (CSA). We acquired the CSA at six time points: fasting for 12 h (T0), immediately after drinking the semi-liquid test meal (T1); and at 30 (T30), 60 (T60), 90 (T90), and 120 (T120) min. We calculated the gastric emptying rate (GER) at different time points by using the CSA. We compared the GER between the groups and evaluated the correlation between the GER and gastrointestinal symptoms and motor symptoms of PD.
Results: The MI and ACF were significantly lower in the PD group compared with the control group (P < 0.05). The GER at T30 and the ACA showed no significant difference between the groups (P > 0.05). At different time points, the GER was significantly different between the PD and control groups (P < 0.001). There was no significant association between the GER and gastrointestinal symptoms; none of them were risk factors for impaired gastric emptying (odds ratio > 1). The GER was negatively correlated with the severity of PD motor symptoms (P < 0.05).
Conclusion: Patients with PD had significantly delayed gastric emptying, which was negatively correlated with the severity of PD motor symptoms. Measuring gastric emptying by gastric-filling ultrasound had good diagnostic value in clinical screening for delayed gastric motility in patients with PD.
Clinical Trial Registration: https://www.chictr.org.cn/showproj.html?proj=126304.
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1 Introduction

Parkinson's disease (PD) is a chronic neurodegenerative disease with prominent motor and non-motor symptoms (1–3). About 70% of patients with PD have gastric dysmotility, a common non-motor symptom of PD, that manifests as bloating, nausea, vomiting, malnutrition, and weight loss (4–8). This conditions leads to a significant decline in the quality of life of patients. Meanwhile, delayed gastric emptying may contribute to fluctuations in drug absorption rates, and these fluctuations affect drug efficacy (9, 10). Most antiparkinsonian drugs, such as levodopa, are delivered orally (11–14). After administration, the drug is absorbed in the proximal small intestine, and its effective dosage depends on the gastric emptying rate (GER). Delayed gastric emptying may delay the peak in the blood concentration, which may contribute to the fluctuations in PD motor symptoms. Therefore, screening and evaluating gastric motility in patients with PD is essential, but it has not attracted the attention of clinicians.

Gastric motility examination is not included in routine screening; one reason is the lack of adequate evaluation methods. While gastric scintigraphy is widely available to detect gastric motility and is considered the gold standard for diagnosis (15–17), it exposes the patient to considerable radiation and has a high false positive with the liquid phase. Therefore, it is only used in scientific research. As a simple, non-invasive, non-radioactive, and reproducible inspection method, gastric-filling ultrasonography has significant clinical advantages (18, 19). At present, clinical studies are using gastric-filling ultrasonography to determine gastric motility in patients with functional dyspepsia (20, 21), esophageal achalasia (22), and diabetes (23); in pregnant women (24, 25); and in children (26). However, there are no clinical trials using ultrasonography to evaluate gastric motility in patients with PD. Therefore, we used gastric-filling ultrasonography to assess gastric motility in these patients and explored whether it is a reliable and effective screening tool. We also evaluated the correlation between the GER and PD motor symptoms and gastrointestinal symptoms to explore whether patients with PD motor symptoms or gastrointestinal symptoms should receive routine screening of gastric motility.



2 Methods


2.1 Participants

From October 2019 to June 2020, 38 patients diagnosed with idiopathic PD were recruited from the neurology department of the First Affiliated Hospital of Chengdu Medical College. Thirty-four age- and sex-matched healthy controls (HC) were recruited from Health Management Center. Patients with PD fulfilled the UK Parkinson's Disease Society Bank Criteria (27). The exclusion criteria (28–31) were: (i) parkinsonism-plus syndromes and secondary parkinsonism; (ii) diabetes mellitus and gastrointestinal surgery and hypothyroidism; (iii) taking medications that could affect gastric motility (e.g., non-steroidal anti-inflammatory drugs, aminophylline, and digitalis); (iv) reflux esophagitis, stomach or duodenal ulcer, chronic cholecystitis and pancreatitis, malignant tumors of the stomach, pancreas, or colon, and other invasive diseases of the stomach; and (v) long-term heavy drinking. The research protocol was approved by the China Registered Clinical Trials Ethics Review Committee (registration number: ChiCTR2100046360). All participants signed an informed consent form.



2.2 Clinical data collection

The patients with PD were evaluated during the “off” phase. Each patient was assessed using the Hoehr–Yahr scale (H&Y), the Unified Parkinson's Disease Rating Scale Motor Scale III (UPDRS), the Mini-Mental State Examination (MMSE), and the Non-Motor Symptom Questionnaire (NMSQ). For all participants, upper gastrointestinal symptoms were assessed at the screening visit with the Gastroparesis Symptom Index (GCSI) (32, 33), and lower gastrointestinal symptoms were assessed with the Wexner Constipation Scale (34) to quantify the severity of the gastrointestinal symptoms. A trained neurologist conducted the entire assessment.



2.3 Gastric-filling ultrasonography evaluation

All participants had fasted and not taken medications for at least 12 h. All patients with PD were in the “off” phase. A GE Voluson E8 ultrasound with a C1-5 transducer was used to examine the subjects (35). First, the participants consumed a 500-ml test meal of gastroenterultrasound developer comprising coix seed, yam, soybeans, tangerine peel, and rice within 4–5 min (50 g of gastroenterultrasound developer was boiled in water and then cooled to about 25°C). The probe used was a linear, low-frequency (2–5 MHz) curved array abdominal transducer, initially positioned parasagittally in the epigastric area with the subject lying in the right lateral position (36).



2.4 Gastric emptying index

The gastric antral cross-sectional area (CSA) of the gastric sinus was used to evaluate the gastric emptying rate (GER). The antrum was located after identifying the superior left lobe of the liver, the major abdominal blood vessels (the abdominal aorta and the superior mesenteric artery or vein), and the inferior pancreas (Figure 1), as described previously. The area and diameters were measured in the serous layer at the following time points: after fasting for 12 h (T0); immediately after drinking the semi-liquid test meal (T1); and at 30 (T30), 60 (T60), 90 (T90), and 120 (T120) min after consuming the semi-liquid test meal. The GER was calculated as: [(CSA at T1 – CSA at T30/T60/T90/T120)/(CSA at T1 – CSA at T0)] × 100 (%). All of the scans performed were performed by the same experienced sonographer, as the force of ultrasound probe placement may have an effect on the interpretation of the cross-section (37).


[image: Ultrasound images labeled A to D. A shows the abdominal aorta with markers indicating the position of key structures, including the superior mesenteric artery and other anatomical landmarks. B, C, and D show detailed cross-sections with circles highlighting specific areas of interest, possibly indicating abnormalities or features for further examination. Each image contains standard ultrasound interface details like depth and orientation markers.]
FIGURE 1
 (A) Sonographic identification of the gastric antrum with the aid of anatomical landmarks: A, the gastric antral cross-sectional area; Ao, the abdominal aorta; L, the left lobe of the liver; P, the inferior pancreas; and SAM, the superior mesenteric artery. (B) The systolic antrum cross-sectional area. The gastric antrum cross-sectional area after (C) fasting and (D) immediately after a meal.




2.5 Gastric motility index (MI)

Gastric motility was assessed by determining the contractile movement of the gastric antrum as an index, including the antral contraction amplitude (ACA), the antrum contraction frequency (ACF), and the gastric MI. We start timing at the end of the last gastric emptying and count how many gastric emptying cycles there are in 1 min is the ACF frequency. The ACA was calculated as (Sd – Sc)/Sd, where Sd is the maximum gastric ACA (in the middle of the antrum without contraction) and Sc is the minimum gastric ACA area (in the middle of the antrum when contracted). The ACF is the number of contractions of the gastric antrum per minute. Finally, the MI was calculated as ACA × ACF (38).



2.6 Statistical analysis

Demographics and baseline characteristics data were expressed as the mean (standard deviation) and N (%), the analysis between two groups by using two-tailed student's t-test and chi-square test. The GER was compared between the PD and HC groups with repeated measures analysis of variance. Logistic regression was used to analyse the relationship between the GER and dyspepsia symptoms, with dyspepsia symptoms as the dependent variable and the GER as the independent variable. The relationship between the GER and PD motor symptoms was determined with Spearman rank correlation analysis. Analyses were performed with Stata SE 15 and Graphad Prism 9.0. P < 0.05 was considered statistically significant.




3 Results


3.1 Comparison between the groups

From August 2019 to September 2020, we enrolled a total of 72 patients. Table 1 shows the demographics and baseline characteristics of the groups. Sex, smoking, drinking, and age not different between the PD and HC groups (P > 0.05). The ACA was not different between the groups (P > 0.05). The ACF and MI were significantly lower in the PD group compared with the HC group (P < 0.05). Therefore, the main influencing factor on the GER is the ACF, not the ACA. Subgroup analysis was prone to bias and random effects due to small numbers, so we did not stratify the patients based on disease severity.


TABLE 1 Demographics and baseline characteristics.

[image: Table comparing demographics and clinical data between Parkinson's disease patients and healthy controls. Variables include sex, smoking, drinking, age, ACA, ACF, MI, disease duration, UPDRS III, Hoehn-Yahr stage, GCSI, and Wexner scores. Sample sizes are \(38\) for Parkinson's and \(34\) for controls. P-values indicate statistical significance. Data is represented as mean ± standard deviation or percentages.]



3.2 Comparison of the GER between the groups

The GER was slower in the PD group than in the HC group at T60, T90, and T120 (P < 0.05), but there was not a significant difference between the groups at T30 (P > 0.05). As shown in the gastric emptying curve (Figure 2), the GER presented a gradual upward trend in the HC group. The rate of growth was slower in the PD group compared with the HC group, and the growth between 90 and 120 min was significantly slower than the HC group. Besides, the MI was significantly different between the PD and HC groups at different time points (Table 2).


[image: Line graph comparing gastric emptying rate (GER) over time in Parkinson's Disease (PD) and control groups. GER is higher in the PD group, with significant differences at 60, 90, and 120 minutes as indicated by asterisks. Error bars display variability. Two-way RM ANOVA with Sidak's multiple comparisons test is used.]
FIGURE 2
 Comparison of the gastric emptying rate (GER) between the Parkinson's disease (PD) and healthy control groups. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.



TABLE 2 Comparison of gastric motility index between the Parkinson's disease and healthy control groups.

[image: Table displaying statistical data on different sources, including Model, Individual, GER stage, Residual, and Total. Columns show values for Sum of Squares (SS), degrees of freedom (df), Mean Squares (MS), F-value (F), and p-value (P). Model has SS of 168,844.27, df of 74, and P less than 0.001. Individual has SS of 55,236.836, df of 71. GER stage has SS of 113,607.43, df of 3. Residual has SS of 25,951.216, df of 213. Total has SS of 194,795.48, df of 287. P-values for Model, Individual, and GER stage are less than 0.001. Definitions: df, degrees of freedom; GER, gastric emptying rate; MS, mean squares; SS, sum of squares.]



3.3 Relationship between gastrointestinal symptoms and the GER

There was no significant association between the gastrointestinal symptoms and the GER (odds ratio > 1, Table 3). Hence, none of them were risk factors for delayed gastric emptying.


TABLE 3 Logistic regression analysis of dyspepsia and GER.

[image: Table displaying influential factors related to digestive symptoms with columns for B (coefficient), SE (standard error), Wald statistic, OR (odds ratio), 95% CI (confidence interval), and P (p-value). Factors include nausea, retching, vomiting, stomach fullness, meal completion difficulty, excessive fullness post-meals, appetite loss, bloating, visible stomach enlargement, and constipation, with corresponding statistical values.]



3.4 Relationship between PD motor symptoms and the GER

The GER was negatively correlated with the PD motor symptoms: the slower the GER, the more severe the PD motor symptoms (Figure 3). The severity of PD motor symptoms were assessed with the UPDRS III and the H&Y scale, with higher scores indicating more severe disease. At the same time, we also found no correlation between PD duration and the GER.


[image: Four scatter plots labeled A, B, C, and D showing correlation analyses. Plot A and B are titled "ACF Correlation analyze" with A comparing ACF and LogNBI (r=0.181, p=0.127) and B comparing ACF and Hogan and Shaw Scale (r=0.194, p=0.256). Plots C and D are titled "GER Correlation analyze" with C comparing GER and LogNBI (r=0.600, p<0.01) and D comparing GER and Hogan and Shaw Scale (r=0.782, p<0.01). Each plot displays a distinct pattern of data points.]
FIGURE 3
 (A–D) Linear regression analysis of the relationship between Parkinson's disease motor symptoms and the gastric emptying rate (GER).





4 Discussion

Our results confirmed that patients with PD had significantly delayed gastric emptying, consistent with previous research (39, 40). Our findings also demonstrated that the HC group had more vigorous motor activity in the distal antrum, denoted by a higher ACF. This means that the main factor affecting the GER is the ACF, not the ACA. However, the reason is not apparent and requires further investigation. Another significant finding was the lack of a significant association between gastrointestinal symptoms and the GER, which was consistent with previous research (21). It has been found that in some patients with low UPDRS-III scores or early H&Y stage do not present with symptoms of gastric dysfunction, such as bloating, nausea, acid reflux, and decreased appetite (39), but ultrasonography examination reveals that the patient has already experienced a delay in gastric emptying. Objective gastric motility abnormalities are frequently detected even in PD patients without subjective gastrointestinal (GI) complaints. Therefore, early screening and timely intervention may delay the progression of the disease and reduce the development of motility complications. Objective gastric motility abnormalities are frequently detected even in patients in PD without subjective gastrointestinal complaints. Therefore, accurate screening methods are essential. In addition, we found that the GER was negatively correlated with PD motor symptoms. Previous studies have only associated the GER with the pharmacokinetics of levodopa in patients with PD without specifically exploring the association between the GER and PD motor symptoms. The association between the GER and PD motor symptoms may be as follows: first, delayed gastric emptying in patients with PD may delay and lower the peak plasma concentration of drugs (i.e., levodopa), thus aggravating motor symptoms. Second, with the aggravation of PD, there is increased gastrointestinal vagus nerve damage, leading to impaired gastric motility.

We used gastric-filling ultrasonography to investigate the effect of gastric motility. Previous reports have suggested that the gold standard method to evaluate gastric emptying is scintigraphy, but it has the disadvantage of radiation exposure. Wireless motility capsule smart pill (41) avoids radiation exposure but it has been less validated than scintigraphy and cannot be used in patients with a pacemaker or defibrillator. The carbon breath test using 13C-labeled octanoic acid (42, 43) is simple to perform, but it has poor accuracy: small intestinal bacterial overgrowth syndrome and aliphatic acid metabolism disorders in the liver can affect the experimental results. Studies have shown that many patients with PD have intestinal bacterial overgrowth syndrome (44–46), so a carbon breath test is not suitable to examine gastric motility in PD.

Recently, technological advances in magnetic resonance (MRI) have provided new tools for a non-invasive assessment of gastric function, such as a novel MRI-based three-dimensional model of stomach offers a detailed tool for evaluating gastric volumes, surface geometry, and wall tension (47). Using a four-dimensional (4D, volumetric cine imaging), free-breathing MRI sequence estimated multiple parameters describing gastric emptying, motility, and peristalsis propagation patterns (48). Another research shows the effectiveness of the proposed method for visualization and quantification of motility patterns from free-breathing dynamic MRI data (49). MRI may be more accurate, but they are expensive, complex, more time-consuming, and still have methodological limitations, making them inappropriate for routine clinical screening for impaired gastric dynamics in Parkinson's disease, as well as for patients who require dynamic monitoring of gastric emptying, such as those taking pro-gastric motivational medications, or observing motor complications (fluctuations and dyskinesias) in Parkinson's disease.

In 1980, Holt et al. (50) were the first researchers to use ultrasound to study normal people's total gastric contraction after a liquid test meal. Since then, ultrasound detection of gastric motility has grown continuously. At present, ultrasound has been used in many fields to screen patients with gastric motility disorders, and its accuracy has also been verified. Moreover, we have shown that gastric-filling ultrasonography is feasible to determine gastrointestinal dynamics in patients with PD.

Gastric dysfunctions are non-motor symptoms of PD that occur prior to the appearance of motor symptoms and persist at all stages of the disease (51, 52). It is unclear whether gastric dysfunction in PD is related to the primary central or peripheral neurodegenerative process. Myenteric neurons of the entire gastrointestinal tract represent one of the earliest sites of α-synuclein aggregation, the typical hallmark of PD, suggesting that alterations in the enteric nervous system of both upper and lower digestive tract could play a significant role in gastrointestinal motor alterations that occur in PD (53–55). Besides, delayed gastric emptying is associated with an impairment of the vagal brain–gut pathway (56), which involves the efferent fibers of the vagal pathway projecting directly to the gastric myenteric plexus. Deposition of α-synuclein in the enteric nervous system may lead to gastric vagal nerve damage and thus a series of neurotransmitter changes that delay gastric emptying (57–59).

Delayed gastric emptying may appear in patients with early-stage PD and can worsen as the disease progresses (60). Gastric motility can be dynamically monitored in patients with PD with ultrasonography to understand the gastric emptying status and to identify the early gastric dysmotility of this condition. This information could provide a useful and accurate objective basis for the treatment of PD with delayed gastric emptying. Simultaneously, if the patient has fluctuations in movement symptoms, especially the delayed opening period, then it should be considered to be related to delayed gastric empty, and gastrokinetic drugs should be added or the drug delivery route should be changed. This approach may be useful to ameliorate motor symptoms and their fluctuation in patients with PD.

Our study has several limitations. First, this trial was a case-control study. It was impossible to prospectively observe the effect of changes in gastric MI of patients with PD. Second, ultrasound is operator dependent and has a learning curve. Hence, all examinations need to be performed by the same person. Besides, patients cannot accept periodic examinations of up to 2 h in length. In the future, we will explore the relationship between delayed gastric emptying and motor symptoms in patients with PD through prospective studies.

In summary, gastric emptying is delayed to some extent in patients with PD. The gastric dysfunctions may aggravate the motor symptoms of the disease. Gastric-filling ultrasonography is simple, reproducible, non-radioactive, and accurate, and can distinguish the early gastric motility disorder of PD. Therefore, gastric motility in patients with PD, especially those with motor complications, could be routinely examined by using gastric-filling ultrasonography.
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Background: Parkinson’s disease (PD) is the second most common neurodegenerative disease after Alzheimer’s disease. Olfactory dysfunction (OD) is an important nonmotor feature of PD. Dl-3-n-Butylphthalide (NBP) is a synthetic compound isolated from Apium graveolens seeds. The present study was conducted to investigate the effect of NBP on olfaction in rotenone-induced Parkinson’s rats to explore the mechanism and pathway of OD in PD.
Methods: The PD model was established using rotenone-induced SD rats, divided into blank control, model, and treatment groups. A sham group was also established, with 10 rats in each group. The treatment group was given NBP (1 mg/kg, 10 mg/kg, and 100 mg/kg, dissolved in soybean oil) intragastrically for 28 days. Meanwhile, the control group rats were given intra-gastrically soybean oil. After behavioral testing, all rats were executed, and brain tissue was obtained. Proteomics and Proteomic quantification techniques (prm) quantification were used to detect proteomic changes in rat brain tissues.
Results: Compared with the control group, the model group showed significant differences in behavioral tests, and this difference was reduced after treatment. Proteomics results showed that after treatment with high-dose NBP, there were 42 differentially expressed proteins compared with the model group. Additionally, the olfactory marker (P08523) showed a significant upregulation difference. We then selected 22 target proteins for PRM quantification and quantified 17 of them. Among them, the olfactory marker protein was at least twofold upregulated in the RTH group compared to the model group.
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1 Introduction

Parkinson’s disease (PD) is the most common neurodegenerative disease, affecting about 1% of people over the age of 60 (1). Unfortunately, with the aging of the population, the prevalence of Parkinson’s disease is increasing (2). PD could cause movement disorders and olfactory dysfunction in patients, making patients lose the pleasure of eating and the ability to recognize dangerous environments (3). Olfactory dysfunction seriously affects the quality of life of patients (4). Our treatment options for non-movement disorders, such as olfactory, are still limited (5). Thus, unearthing and testing new treatments for olfactory disorders in PD still has a long way to go.

Dl-3-n-Butylphthalide (NBP) is a synthetic compound based on l-3-n-Butylphthalide isolated from Apium graveolens seeds (6). Pharmacological studies have demonstrated that NBP has a series of mechanisms of action, such as rebuilding microcirculation, protecting mitochondrial function, inhibiting oxidative stress, and inhibiting neuronal apoptosis (7). Previous studies have also confirmed that NBP can improve behavioral function without significant side effects (8, 9). Additionally, animal experiments have demonstrated that NBP stimulates the peripheral olfactory system of Stegobium paniceum and causes positive chemotaxis in adult drugstore beetles (10). Furthermore, NBP has therapeutic potential for improving PD behavior, olfactory function, and other functions (11). However, there are few studies on the improvement of PD olfactometry. Therefore, we designed animal and proteomics experiments to explore the effect of NBP on the olfactometry of rotenone-induced Parkinson’s rats.



2 Materials and methods


2.1 Materials


2.1.1 Experimental drugs

NBP was provided free of charge by Shijiazhuang Pharmaceutical Group NBP Pharmaceutical Co., LTD. (Shijiazhuang, China).



2.1.2 Experimental animals

Male SD rats (8 weeks of age, 250–300 g). All animal experiments were pre-approved by the Experimental Animal Ethics Committee of the Affiliated Hospital of Shandong University of Chinese Medicine (approval number: LAEC-2020-228).



2.1.3 Main reagents: rotenone

Cell counting Kit 8 (CCK-8) and Reactive Oxygen Species (ROS) assay kit were obtained from Beyotime Biotechnology Co., Ltd. (Nantong, China). The Annexin V-FITC Apoptosis Detection Kit and Hoechst 33258 dye were purchased from Kagan Biotechnology Co., LTD. (Nanjing, China). The BCA protein assay reagent and RIPA lysis buffer were obtained from Thermo Fisher Technologies (MA, United States). Anti-tyrosine hydroxylase (TH, ab137869 and ab113), anti-alpha-synaptic nucleoprotein (a-Syn, ab138501), anti-alpha-synaptic nucleoprotein (phosphorylated S129) (p-a-Syn, ab51253), anti-polyadp ribose polymerase 1 (PARP1, ab191217), anti-allogenic inflammatory factor 1 (IBA1, ab178847) antibody, donkey anti-rabbit IgG (Alexa Fluor 488) (ab150073), donkey anti-rabbit IgG (Alexa Fluor 647) (ab150075), and donkey anti-sheep IgG (Alexa Fluor 647) (ab150179) were purchased from Abcam (Cambridge, United States). Antiapoptoses-associated speck-like proteins containing antibodies against CARD (ASC, 67824), poly/monadp ribose (PAR, 83732), and phosphorylated histone H2AX (Ser139) (pgH2AX, 9718) were purchased from Cell Signaling Technology, Inc. (Beverly, United States). The anti-Nacht, LRR, and PYD domains contained protein 3 (NLRP3, 19771-1-AP), anti-trypsin 1/p20/p10 (Caspase 1, 22915-1-AP), anti-interleukin-1β (IL-1b, 16806-1-AP), anti-glial fibrillary acid protein (GFAP, 16825-1-AP), anti-β-actin (β-actin, 60008-1-Ig), goat anti-rabbit IgG (SA00001-2), and goat anti-mouse IgG (SA00001-1) were purchased from Proteintech Group (Chicago, Illinois, USA). Urea, iodoacetamide, and DL-Dithiothreitol were obtained from Sigma-Aldrich. Trypsin was from Promega, acetonitrile was from ThermoFisher Scientific, and the protease inhibitor cocktail was from Merck Millipore.




2.2 Methods


2.2.1 Grouping and intervention methods

The animals were domesticated in standard facilities for 7 days in the experiment. Drug concentrations were selected based on previous reports (11). Some previous studies have provided clues to using experimental concentrations of NBP (9, 10). Combined with our pilot study, the three comprehensive considerations of 1 mg/kg (low), 10 mg/kg (low), and 100 mg/kg (high) were applied in this study. Sixty male rats were randomly divided into six groups. They were: (1) MA group (without any treatment), (2) sham group (intraperitoneal injection of 98% sunflower oil 1 mL/kg and 2%DMSO), (3) RT + SALINE group (4) RT + NBP low dose group (1 mg/kg), (5) RT + NBP medium dose group (10 mg/kg) and (6) RT + NBP high dose group (100 mg/kg). RT group rats were intraperitoneally injected with rotenone (2.75 mg/kg) for 14 days. The treatment group was given intragastric administration of NBP (1 mg/kg, 10 mg/kg, and 100 mg/kg, dissolved in soybean oil) for 28 days. Simultaneously, control rats were intraperitoneally given soybean oil. All rats were executed after behavioral testing, and brain tissue was obtained.



2.2.2 Behavioral assessments


2.2.2.1 Open field test

The subject rats were placed in a white square container (40 × 40 cm2), and a video camera was mounted in the top center of the box to record the behavior of the rats for 5 min. The center and peripheral areas were mapped using an automatic recording tracking system, and the total distance traveled by the subject mice was calculated.



2.2.2.2 Rotarod test

The rotarod test was performed using a rotarod treadmill. The rats were placed on the rotarod and tested in a constant acceleration mode from an initial 5 rpm/min to 40 rpm/min over 5 min. Then, we recorded the maximum time each rat stayed on the rod. The test was repeated thrice with an interval of 20 min and the average dwell time of the three tests was recorded.



2.2.2.3 Suspension test

The rats were suspended from a horizontal nylon line 20 cm off the ground. The time that the rats could grasp the nylon rope with one paw was recorded.



2.2.2.4 Buried pellet test

Before testing, we recorded the weight of each rat and then restricted food intake to 90% of body weight. Prior to testing and during food restriction, we gave each rat 1–2 pieces of the pellets to be used during the test (a piece of sweetened cereal). We filled a clean rat cage ~3 cm high with clean bedding, ensuring the bedding is evenly distributed throughout the cage. We then set a timer for 5 min. We buried 1 sweetened cereal pellet 0.5 cm below the bedding so it is not visible. Then, we removed the test rat from its home cage, placed it in the test cage’s center, and started the timer. We stopped the timer when the rat uncovered the pellet and began eating it. Furthermore, we recorded the time it took for the rats to find and start eating the pellets.




2.2.3 Proteomics


2.2.3.1 Protein extraction

The samples were removed from −80°C, weighed into a pre-cooled mortar with liquid nitrogen, and ground to powder with liquid nitrogen. Each group of samples received 4 times the volume of powder lysis buffer (8 M urea, 1% protease inhibitor), in which the samples were then sonicated and lysed. At 4°C, the samples were centrifuged at 12,000 g for 10 min to remove cell debris. Moreover, the supernatant was transferred to a new centrifuge tube for protein concentration determination using the BCA kit.



2.2.3.2 Trypsin digestion

We took equal amounts of each sample protein for enzymatic digestion and adjusted the volume with lysis solution. Dithiothreitol (DTT) was added to a final concentration of 5 mM and reduced for 30 min at 56°C. Iodoacetamide (IAA) was added to a final concentration of 11 mM, incubated for 15 min at room temperature, and protected from light.



2.2.3.3 Liquid chromatography-mass spectrometry analysis

Peptides were dissolved with liquid chromatography mobile phase A and separated using a Nano Elute ultra-performance liquid chromatography system. The ion source voltage was 2.3 kV, and the FAIMS compensation voltage (CV) was set to −45 V and −65 V. The peptide parent ions and their secondary fragments were detected and analyzed using a high-resolution Orbitrap.



2.2.3.4 Independent validation of top-up-expressed proteins by PRM method

LC–MS analysis was performed following protein extraction and enzymatic digestion using the above method. The mobile phase A was an aqueous solution containing 0.1% formic acid and 2% acetonitrile; the mobile phase B was an acetonitrile-water solution containing 0.1% formic acid. The ion source voltage was set at 1.80 kV, and the peptide parent ions and their secondary fragments were detected and analyzed using time of flight. The secondary mass spectrometry scan range was set to 100–1,700. The mass error tolerance of the primary parent ion was set to 20 ppm for the first search and 20 ppm for the main search, respectively. The mass error tolerance of the secondary fragment ion was set to 20 ppm.




2.2.4 Statistical analysis

All results were analyzed using GraphPad Prism 9.0.2 (GraphPad Software), and data were shown as mean ± standard error of the mean (SEM). One-way analysis of variance (ANOVA) with Tukey’s test for post hoc comparisons was used to define the differences between groups. Data are representative of at least three independent experiments. A p-value < 0.05 was considered statistically significant.





3 Results


3.1 NBP improved rotenone-induced behavioral impairment in rats

PD rats were subjected to an open field to assess their general motor and anxiety-related behaviors, as shown in Figures 1A,B. Compared with the control group, the central region residence time and total movement distance were significantly reduced in the RT group (p < 0.0001). Following NBP treatment, the distance of movement and the length of stay in the central area increased significantly (p < 0.0001).
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FIGURE 1
 Behavioral tests. Asterisks indicate significant differences after performing all multiple comparison procedures in pairs (A), total movement distance in open field test; (B), immobility duration rate in open field test; (C), the mean residence time in rotard test; (D), struggle time in tail suspension test; (E), the time to discover and eat pellets in buried pellet test. (Holm-Sidak or Dunn’s method; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).


The Rotarod Test was used to assess coordination in rats. As shown in Figure 1C, the mean residence time of the RT group was significantly reduced compared to the control group (p < 0.05). Following NBP treatment, the mean residence time was significantly longer (p < 0.01).

A tail suspension test was used to assess anxiety-related behavior. Figure 1D shows that the RT group had significantly less struggle time than the control group. Following NBP treatment, the struggle time increased significantly.

As shown in Figure 1E, a buried pellet test was used to assess olfactory behavior. The time to discover and eat pellets was significantly increased in the RT group compared to the control group (p < 0.0001). Following treatment with NBP, the time was significantly reduced (p < 0.0001).



3.2 The result of olfaction improvement


3.2.1 Differentially expressed proteins

Olfactory dysfunction is a crucial non-motor disorder in PD (12). There are few existing studies on the topic (13), and the mechanism of improvement of olfactory dysfunction is unclear. Studying how NBP improves rotenone-induced olfactory sensation in rats with PD may provide us with new ideas for treating PD, for which we did proteomics research. A total of 6,292 proteins and 48,175 unique peptides were identified. The fold change (FC) is used to indicate the difference in the content of all detected proteins, and FC > 1.5 or < 1/1.5, p < 0.05. As such, differential protein screening was performed. Compared with the MA group, there were 76 differentially expressed proteins in rat brain tissue after modeling, of which 44 were upregulated and 32 were down-regulated. Following treatment with high-dose NBP, there were 42 differentially expressed proteins compared to the model group, of which 26 were upregulated and 16 were down-regulated. Expressed by a volcano plot (Figure 2), the ordinal number is the significant p value of the difference (logarithmic conversion with base 10), the negative number is the fold (logarithmic conversion with base 2), p > 0.05 is below the vertical line on the vertical axis, and FC < 1.2 is left of the vertical line on the horizontal axis. Blue dots indicate significantly downregulated proteins, red dots indicate significant up-regulation, and gray dots indicate no difference. Among them, the olfactory marker (P08523) showed a significant upregulation difference in the RTH group compared with the model group.
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FIGURE 2
 Differential protein volcano map (green color circles the olfactory marker P08523).





3.3 Verification of top-expressed proteins by RPM

We selected 22 target proteins for PRM quantification and quantified 16. Among them, olfactory markers were at least 2-fold upregulated in the RTH group compared to the model group, which is manifested in two peptide chains of QLLDPAAIFWR (Figure 3) and LQFDHWNVVLDKPGK (Figure 4).
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FIGURE 3
 Fragment ion peak area distribution of peptide QLLDPAAIFWR (corresponding to olfactory marker) in 12 samples.


[image: Bar graph showing normalized peak area across different replicates, labeled NA_1 to RTH_4. Each bar is divided into three colored segments: blue (b7), purple (y7), and red (y6). Numbers above bars indicate dot product values ranging from 0.84 to 0.92.]

FIGURE 4
 Fragment ion peak area distribution of peptide LQFDHWNVVLDKPGK (corresponding to olfactory marker) in 12 samples.





4 Discussion

NBP is a drug extracted from celery seed oil and its chemical formula is C12H14O2 and molar mass is 190.24 g/mol (14) and it benefits anti-inflammatory, anti-oxidative stress, blood–brain barrier protection, cerebral microcirculation improvement, and angiogenesis promotion (10). Since 2002, NBP has been approved in China for the treatment of acute ischemic stroke patients and is now widely used clinically with reliable safety (15). Basic studies have shown that NBP has a therapeutic effect on PD (11). A meta-study of NBP for PD involving 173 patients found that only three treatment-related adverse events occurred in patients treated with NBP and disappeared immediately after discontinuation (14). This meta-analysis demonstrated that NBP is safe and effective in improving motor symptoms and slowing progression in PD patients over the course of 6 months of treatment. Notably, studies have shown that NBP can alleviate motor deficits by inhibiting iron deposition, oxidative stress, and ferroptosis in the substantia nigra (16). Other studies showed that NBP treatment significantly ameliorated motor deficits in the substantia nigra of LPS-induced PD mice, reduced microglial activation, reduced nuclear α-synuclein deposition, and increased the survival rate of TH-positive cells (17). Together, these findings suggest that NBP may exert its therapeutic effects by reducing microglial activation in a mouse model of PD (18). In addition, LPS-induced dopaminergic neurodegeneration was alleviated after NBP treatment, as measured by tyrosine hydroxylase-positive cells (19). In a rodent model, 2 weeks of treatment with NBP improved apomorphine-evoked rotation by 48%, and rescued dopaminergic (DA) neurons by 30% and striatal DA terminals by 49%. Furthermore, NBP upregulated vesicular monoamine transporter 2 gene expression in vitro and in vivo. In conclusion, NBP may protect DA neurons by reducing oxidative stress (18). Moreover, NBP can exert dopaminergic neuroprotection by inhibiting microglia-mediated neuroinflammation, suggesting that NBP has a good therapeutic effect on PD (20). Thus, NBP may be a new PD treatment drug (21). It is believed that more human clinical trials will be conducted to verify the safety and effectiveness of NBP in the treatment of PD in the near future. Therefore, this article aims to explore the mechanism and pathway of olfactory dysfunction in PD and provide new ideas and methods for the treatment of PD.

Many studies have confirmed the therapeutic effect of NBP on PD. However, there has never been evidence that NBP can directly improve the olfactory perception of PD. Notably, the improvement effect of NBP on olfactory perception has been controversial. The present study found that NBP treatment of rotenone-induced Parkinson’s rats improved the motor symptoms of PD and the expression of olfactory marker proteins. From the buried pellet test, the time for rats to discover and eat pellets was significantly increased in the RT group compared to the control group (p < 0.0001). Following treatment with NBP, the time was significantly reduced (p < 0.0001). From proteomics research, the olfactory marker (P08523) and the olfactory marker (P08523) showed a significant upregulation difference in the RTH group compared with the model group. PRM quantification results showed that olfactory markers were at least 2-fold upregulated in the RTH group compared to the model group, indicating that NBP may improve the olfactory impairment in PD. Olfactory marker protein (OMP) plays an important role in sensory experience, especially in olfactory experience (22). Additionally, olfactory sensory neurons (OSNs) expressing the same olfactory receptor (OR) are clustered in the same olfactory glomerulus in the main olfactory bulb. Olfactory marker protein (OMP) is a key marker of mature OSN, and its loss is related to OSN signal transduction and odor recognition defects (22). OMP is a protein long known to be expressed in mature olfactory receptor neurons and responsible for controlling proper cAMP homeostasis and dynamics (23). Notably, OMP buffers cAMP and regulates camp-gated channel activity during sensory stimulation, maintaining neuronal firing during odor source search (23). Furthermore, OMP modulates the dynamic range of olfactory receptor neurons in an odor receptor-dependent manner to allow concentration-dependent odor coding (24). Recent studies have also confirmed that in persistent anosmia after +COVID-19 infection, the relative reduction in mature OMP neurons can explain the hyposmia (25).

Olfactory dysfunction is an early marker of PD (26). However the neural substrates of hyposmia are largely unknown. Most attempts to explain olfactory dysfunction in common neurodegenerative diseases have focused on neuropathological markers, such as extracellular amyloid-beta-containing plaques, intracellular neurofibrillary tangles that abnormally phosphorylate tau, or α-synuclein aggregates that makeup Lewy bodies and Louis neuritic processes (27). It has also been proposed that the olfactory epithelium, olfactory bulb and/or olfactory cortex are damaged, and even the centrifugal neuroregulatory system, such as the cholinergic system, is involved (28). The accumulation of misfolded α-synuclein in olfactory-related brain tissues such as the olfactory bulb is still the mainstream view of olfactory dysfunction in PD (29). α-synuclein is the major filamentous component forming Lewy bodies and Lewy neurites (29). The content of dopamine is the highest in the SN-striatum pathway of PD (30). Consequently, a decrease in dopamine function can lead to PD and determine the participation in olfactory processing and olfactory ability (31). Furthermore, some studies have found that in PD patients, serotonin is decreased in the olfactory bulb and olfactory system. Moreover, Lewy pathology is found in the median septal nucleus, indicating that changes in serotonin may be related to OD in PD (32). Therefore, our next research goal will explore whether NBP improves olfactory dysfunction through the above pathways.



5 Conclusion

Through proteomics and protein quantification methods, we preliminarily determined that NBP can improve the olfactory impairment of PD, providing new evidence and ideas for treating PD olfactory dysfunction.
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Background: The association between hypothyroidism and Parkinson’s disease (PD) has sparked intense debate in the medical community due to conflicting study results. A better understanding of this association is crucial because of its potential implications for both pathogenesis and treatment strategies.
Methods: To elucidate this complex relationship, we used Bayesian co-localisation (COLOC) and bidirectional Mendelian randomization (MR) analysis. COLOC was first used to determine whether hypothyroidism and PD share a common genetic basis. Subsequently, genetic variants served as instrumental variables in a bidirectional MR to explore causal interactions between these conditions.
Results: COLOC analysis revealed no shared genetic variants between hypothyroidism and PD, with a posteriori probability of hypothesis 4 (PPH4) = 0.025. Furthermore, MR analysis indicated that hypothyroidism does not have a substantial causal effect on PD (OR = 0.990, 95% CI = 0.925, 1.060, p = 0.774). Conversely, PD appears to have a negative causal effect on hypothyroidism (OR = 0.776, 95% CI = 0.649, 0.928, p = 0.005).
Conclusion: Our findings suggest the absence of shared genetic variants between hypothyroidism and PD. Interestingly, PD may inversely influence the risk of developing hypothyroidism, a finding that may inform future research and clinical approaches.
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1 Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease after Alzheimer’s disease, and its incidence continues to increase (Pavlou and Outeiro, 2017). The dyskinesia symptoms of PD–bradykinesia, tremor, rigidity and postural balance deficits–are the result of dopaminergic neuronal deficits and the accumulation of α-synuclein (Jakubowski and Labrie, 2017; Mohd Murshid et al., 2022). Dysregulation of dopamine metabolism, oxidative stress and neuroinflammation are key factors contributing to dopaminergic neuronal deficits (Dexter and Jenner, 2013; Labbé et al., 2016; Chang and Chen, 2020). Hypothyroidism, characterised by low thyroid hormone levels, is associated with oxidative stress and inflammatory responses (Mancini et al., 2016; de Carvalho et al., 2018). There is conflicting evidence about the relationship between hypothyroidism and the risk of PD. For example, a Danish study involving more than 80,000 people found no significant association between hypothyroidism and PD, whereas studies in Taiwan and South Korea have shown that patients with hypothyroidism have an increased risk of PD (Rugbjerg et al., 2009; Chen et al., 2020; Kim et al., 2021). Hypothyroidism is known to increase the risk of anaemia, obesity and hyperlipidaemia, all of which are associated with an increased risk of developing PD (Mohammadi et al., 2021). Given the mixed results of observational studies and potential confounding factors, it remains difficult to establish a causal relationship between hypothyroidism and PD.

Mendelian randomization (MR), which uses single-nucleotide polymorphisms (SNPs) as instrumental variables to estimate the causal effect of exposure on outcomes, can help researchers identify causal relationships between diseases and avoid the confounding problems often found in traditional studies (Liu et al., 2021). MR has proven to be a powerful and convenient tool for investigating risk factors associated with PD (Senkevich et al., 2023; Song et al., 2024). Bayesian co-localisation (COLOC) is a method that uses Bayesian statistical principles to assess whether two or more traits share the same genetic variation (Chen et al., 2024). This is important for understanding how different traits are linked by common biological pathways or mechanisms. Some studies have used MR in conjunction with COLOC, an approach that has revealed a common genetic basis between psoriasis and multiple sclerosis and helped to identify potential therapeutic targets for multiple sclerosis (Lin et al., 2023; Patrick et al., 2023).

Traditional observational studies often encounter difficulties in establishing a causal relationship between PD and hypothyroidism, the main obstacle being the exclusion of confounding factors. To overcome this limitation, MR offers a powerful alternative approach that is particularly effective in overcoming the limitations of traditional studies in making causal inferences. Our study uses a genome-wide association study (GWAS) dataset containing two diseases, which provides a good basis for using both COLOC and MR analysis methods. The combination of these two approaches could provide a solid basis for genetic commonality and causal inference to reveal genetic and causal links between hypothyroidism and PD, and provide new biological insights into these two potentially related disorders, thus opening up new avenues for clinical practice and future research directions.



2 Materials and methods


2.1 Data sources and study populations

We obtained data from published GWAS,1 focusing on datasets that provide comprehensive insights into PD and hypothyroidism (Table 1). As this study used publicly available data, ethical approval was not required as each dataset had already received ethical approval.



TABLE 1 Source of exposure and outcome GWAS data.
[image: Table comparing genetic data for Parkinson's disease and Hypothyroidism. Columns show Phenotype, GAWSID, Sample size, SNPs, and Population. Parkinson's data: GAWSID finn_gen_R10_G6_PARKINSON, 4,681 cases, 407,500 controls, 19,345,634 SNPs, European population. Hypothyroidism data: GAWSID finn_gen_R10_E4_CONGEIOD, 935 cases, 349,717 controls, 19,344,524 SNPs, European population.]



2.2 Colocalization analysis

The COLOC analysis was based on the following assumptions (Wallace, 2020). Independence assumption: associations between traits are caused directly by a common genetic variant and not by other indirect factors such as confounding variables. COLOC uses a Bayesian probability model to assess the strength of the evidence that two traits share the same SNPs. COLOC can derive five types of probability, including cases where the two traits are independent and have no common variant, each has its own variant, and one variant is shared. We used the hypothetical posterior probability 4 (PPH4) in the COLOC algorithm to assess whether the two share genetic variants, with PPH4 > 80% defined as the two sharing the same genetic variant as an influence (Deng et al., 2022). This analysis was performed using the “coloc” software package.2



2.3 MR study design

Our MR study design was based on three critical assumptions: (A) SNPs are significantly associated with exposure, serving as an instrumental variable; (B) these SNPs are not associated with known confounders; and (C) the effect of SNPs on outcome is entirely mediated by exposure factors.



2.4 Selection of instrumental variables

SNPs were used as instrumental variables according to the following four criteria: a. p < 5 × 108; b. removal of chain imbalances (kb = 10,000 and r2 = 0.001) (Hu et al., 2023); c. search for these SNPs in PhenoScanner3 and removal of SNPs associated with confounders and outcomes (Hu et al., 2022); d. calculation and selection of SNPs with F-statistics >10, which can mitigate the effects of potential bias (Hu et al., 2023).



2.5 MR analysis

We chose inverse variance weighted (IVW), weighted median, MR-Egger and weighted mode for MR analyses, and considered p < 0.05 to be statistically significant (Han et al., 2022). Heterogeneity was assessed using MR-Egger and IVW regressions, with p > 0.05 indicating no heterogeneity. The presence of horizontal pleiotropy was assessed using the Egger intercept, with p > 0.05 indicating the absence of horizontal pleiotropy (Hu et al., 2022, 2023). Visualization results are presented as rejection-by-exclusion tests, forest plots, scatter plots and funnel plots. All statistical analyses were performed using the “TwoSampleMR” package in R (version 4.2.3).




3 Result


3.1 Co-localization between hypothyroidism and PD

In our paired GWAS analysis of hypothyroidism and PD, the COLOC PPH4 was below 80% (PPH4 = 0.024), suggesting that there is insufficient evidence to support that they share a common genetic locus (Figure 1). This finding suggests that there may not be a direct genetic link between hypothyroidism and PD, and that they may affect patients through different biological pathways.

[image: Scatter plot with three panels showing genetic association data. The top left panel compares the negative logarithm of P-values for Parkinson's and congenital conditions. The top right panel shows congenital P-values against the genomic location on chromosome nine in megabases. The bottom right panel displays Parkinson's P-values against the genomic location. A purple diamond marks the variant rs567705506 in all panels, highlighting its significance. A color gradient bar indicates linkage disequilibrium (r-squared values) ranging from 0.2 to greater than 0.8. PPH4 is 0.024.]

FIGURE 1
 Co-localization between hypothyroidism and PD. PPH4 stands for posterior probability of hypothesis 4. PPH4 > 80% defined as both sharing the same genetic variant as an influencing factor.




3.2 For performing MR analysis SNPs

When selecting SNPs as instrumental variables from the GWAS dataset, we used methodological mention criteria to ensure that these SNPs were strongly associated with the phenotype, as detailed in Supplementary Table S1. This ensured the precision and reliability of our analysis.



3.3 MR analysis, sensitivity analysis and visualization


3.3.1 Results of MR analysis of hypothyroidism on PD

Using a MR analysis with validated instrumental variables, the MR-IVW results showed no causal effect of hypothyroidism on PD (OR = 0.990, 95% CI = 0.925, 1.060, p = 0.774). The MR Egger (OR = 1. 006, 95% CI = 0.824, 1.227, p = 0.953), weighted median (OR = 0.968, 95% CI = 0.899, 1.042, p = 0.389) and weighted mode (OR = 1.034, 95% CI = 0.902, 1.185, p = 0.641) analyses were consistent with the MR-IVW analysis (Table 2). Although our analysis did not show a causal effect of hypothyroidism on PD. This result helps to rule out hypothyroidism as a potential risk factor or protective factor for PD. The Cochran’s Q statistic in the MR-Egger and IVW regressions showed heterogeneity in the Cochran’s Q test (p < 0.05) (Supplementary Table S2). Our horizontal multivariate test showed no horizontal multivariate p > 0.05 in the instrumental variables (Supplementary Table S3). Sensitivity analyses using the leave-one-out method confirmed the stability of our results (Supplementary Figure S1A). Forest, scatter and funnel plots supported the results of our MR analyses (Supplementary Figures S2A–C).



TABLE 2 Bidirectional MR analysis of the relationship between hypothyroidism and PD.
[image: Table showing the exposure and outcome relationships between hypothyroidism and PD using various methods. For hypothyroidism as exposure: IVW (SNPs: 11, OR: 0.990, 95% CI: 0.925–1.060, p: 0.774), MR Egger (OR: 1.006, 95% CI: 0.824–1.227, p: 0.953), weighted median (OR: 0.968, 95% CI: 0.899–1.042, p: 0.389), weighted mode (OR: 1.034, 95% CI: 0.902–1.185, p: 0.641). For PD as exposure: IVW (SNPs: 20, OR: 0.776, 95% CI: 0.649–0.928, p: 0.005), MR Egger (OR: 0.866, 95% CI: 0.618–1.215, p: 0.418), weighted median (OR: 0.829, 95% CI: 0.649–1.058, p: 0.130), weighted mode (OR: 0.924, 95% CI: 0.635–1.343, p: 0.682).]



3.3.2 Results of MR analysis of PD on hypothyroidism

The same MR analysis method was used to infer the causal effect of PD on hypothyroidism. Interestingly, although the MR Egger (OR = 0.886, 95% CI = 0.618, 1.215, p = 0.418), weighted median (OR = 0.829 95% CI = 0.649, 1.058, p = 0.130) and weighted mode (OR = 0.682 95% CI = 0.635, 1.343, p = 0.682) analyses did not agree with the results of the MR-IVW analyses, the MR-IVW results suggested that PD reduced the risk of developing hypothyroidism (OR = 0.776 95% CI = 0.649, 0.928, p = 0.005). The Cochran’s Q statistic for the MR-Egger and IVW regressions suggested that the Cochran’s Q test was not heterogeneous (p > 0.05) (Supplementary Table S2). Our multilevel pleiotropy test indicated no level pleiotropy (p > 0.05) for the instrumental variables used (Supplementary Table S3). This suggests that the instrumental variables were causally related to PD via hypothyroidism, without confounding by other factors. The robustness of our findings was further confirmed in the leave-one-out sensitivity analysis (Supplementary Figure S2B). In addition, forest plots, scatter plots and funnel plots also confirmed the consistency of our MR analysis results (Supplementary Figures S3A–C).





4 Discussion

Our study shows that there is no common genetic variant between hypothyroidism and PD. Hypothyroidism does not have a causal effect on PD, but PD has a negative causal effect on hypothyroidism. This finding is inconsistent with previous studies showing that hypothyroidism increases the risk of developing PD (Charoenngam et al., 2022). A concurrent and prospective study using traditional statistics and novel machine learning models found that hypothyroidism is associated with an increased risk of PD (Gialluisi et al., 2023). In vitro and in vivo experiments have shown that thyroid hormones can prevent apoptosis of dopamine neurons (Kincaid, 2001; Lee et al., 2019; Menezes et al., 2019), suggesting a protective role of thyroid hormones on dopamine neurons in PD. However, hypothyroidism, characterised by insufficient thyroid hormone production, may exacerbate or promote the progression of PD. Recent bidirectional MR studies do not support a causal relationship between hypothyroidism and PD (Zeng et al., 2024). Our results are reliable and we used the most recent Finnish database with the largest sample size available for the study. First, in the co-localisation analysis of the two diseases did not find any common genetic variants were found, suggesting that variants in one disease do not increase the risk of the other. Second, despite the heterogeneity in the MR analysis of hypothyroidism on PD, the MR analysis overcame the confounding factors in traditional studies and ensured the reliability of causal inferences.

PD and hypothyroidism share similar pathogenic mechanisms, such as oxidative stress and inflammation. Studies have shown that apo D expression is upregulated in both diseases, and its antioxidant and anti-inflammatory effects provide an interesting avenue for further research (Fyfe-Desmarais et al., 2023). The mechanisms by which PD reduces the risk of hypothyroidism are unknown. We speculate that antioxidant mechanisms upregulated in PD may have a protective effect against the oxidative damage commonly seen in hypothyroidism. Future studies could investigate specific antioxidant levels and markers of oxidative stress in patients with PD compared to those with hypothyroidism. Altered immune-inflammatory pathways in PD may also play a protective role in the development of hypothyroidism. This hypothesis could be explored by examining cytokine levels and inflammatory markers in patients with PD versus those diagnosed with hypothyroidism to see if the reduced inflammatory response in PD is associated with a lower incidence of hypothyroidism. In addition, all current clinical pharmacological treatments can only alleviate the symptoms of PD, rather than slowing and curing the disease process. Investigating the role of oxidative stress and immune-inflammatory responses may provide new targets for PD treatment.

The motor dysfunctions associated with hypothyroidism may resemble those of PD, and given its treatability, accurate clinical diagnosis is important (Schneider et al., 2023). The high prevalence of PD and hypothyroidism in the elderly and of subclinical hypothyroidism in PD patients suggests a complex interaction between the two diseases (Munhoz et al., 2004). There is an association between thyroid hormones and PD, and most of the 12 SNPs may influence PD and thyroid function through immune mechanisms (Xu et al., 2022). The cardiovascular effects of hypothyroidism in PD and the improvement of fluctuating symptoms with thyroxine therapy in some patients further emphasise the need to assess thyroid function in the management of PD (García-Moreno and Chacón-Peña, 2003; Rodrigues et al., 2020). Although we did not find a common genetic variant between PD and hypothyroidism, the interaction between hypothyroidism and PD warrants further investigation.

Nevertheless, our study has limitations, including the heterogeneity of the instrumental variables in our MR analyses, which could be due to unobserved confounders. Also, as our GWAS data are predominantly from European populations, the applicability of our findings to other ethnic groups, such as Asians, remains uncertain. In addition, gender differences in the prevalence of hypothyroidism and PD (Chaker et al., 2017; Cerri et al., 2019), which were not accounted for in our analysis, may influence our results and should be a focus of future research.

In conclusion, our findings suggest that there is no shared genetic variation between hypothyroidism and PD, and interestingly, PD may have an inverse effect on the risk of developing hypothyroidism, a finding that may inform future research and clinical approaches.
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Parkinson’s disease (PD) and inflammatory bowel disease (IBD) are the two chronic inflammatory diseases that are increasingly affecting millions of people worldwide, posing a major challenge to public health. PD and IBD show similarities in epidemiology, genetics, immune response, and gut microbiota. Here, we review the pathophysiology of these two diseases, including genetic factors, immune system imbalance, changes in gut microbial composition, and the effects of microbial metabolites (especially short-chain fatty acids). We elaborate on the gut–brain axis, focusing on role of gut microbiota in the pathogenesis of PD and IBD. In addition, we discuss several therapeutic strategies, including drug therapy, fecal microbiota transplantation, and probiotic supplementation, and their potential benefits in regulating intestinal microecology and relieving disease symptoms. Our analysis will provide a new understanding and scientific basis for the development of more effective therapeutic strategies for these diseases.
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GRAPHICAL ABSTRACT
 PD and IBD mechanism of gut microbes.



1 Introduction

Parkinson’s disease (PD) and inflammatory bowel disease (IBD) are increasingly affecting the global population. PD is a neurodegenerative disease characterized by bradykinesia, resting tremor, and myotonia; its pathogenesis involves various factors, including genetics, environmental factors, and age (1, 2). IBD, including Crohn’s disease and ulcerative colitis, is a group of diseases characterized by chronic intestinal inflammation, leading to abdominal pain, diarrhea, and hematochezia. Its etiology is complex and diverse, involving immune system abnormalities, genetic susceptibility, and intestinal microbial imbalance (3–5). The occurrence of PD and IBD may be intricately linked to each other, and the interplay between the gut and the central nervous system—the “gut–brain axis”—provides a potential biological basis for this link (6–8). Meanwhile, some studies have shown that IBD is a candidate diagnostic marker for PD (9), and the incidence of PD is significantly increased in IBD patients (10). Here, we will review the risk factors, pathophysiological mechanisms, and treatment methods of PD and IBD, with special focus on the role of gut microbiota and short-chain fatty acids (SCFAs). We aim to provide comprehensive information on the relationship between these two seemingly different but closely related diseases for future research on diagnostic and treatment strategies.



2 Epidemiology of PD and IBD2.1 epidemiological relationship between PD and IBD

Parkinson’s disease is the second most common neurodegenerative disease worldwide, and its prevalence is gradually increasing with the aging of the global population. PD mainly affects adults over 50 years of age; however, cases of PD have also been reported in younger age groups. Males are slightly more likely to develop PD than females, and most cases are thought to be sporadic, although familial clusters have been reported in about 10% of patients (11, 12). The increase in the prevalence and incidence of IBD in industrialized and high-income countries can be attributed to changes in environmental factors, lifestyle, and genetic susceptibility. Although IBD can occur at any age, it is most common in adolescents and young adults, and its incidence is similar between men and women. However, family history is an important risk factor for IBD, and individuals with family history have a significantly increased risk of developing the disease (13–15).


2.1 Risk of PD in patients with IBD

A meta-analysis of nine studies involving 12,177,520 patients revealed that the incidence of PD in patients with IBD was higher than that in the general population (RR = 1.24; p < 0.001) (10). Further, the results of another meta-analysis confirmed that patients with IBD had a higher incidence of PD compared with the general population (OR = 1.30; p = 0.024) (16). However, it is unclear whether the risk of IBD in patients with PD is different from that in the general population. The findings of existing studies are inconsistent, and sufficient epidemiological studies are not available. A cohort study involving 1968 patients with PD and 6,792 controls was conducted in Taiwan in 2015. The authors found that the prevalence of IBD between the two groups was not significantly different (p = 0.561) (17). A Swedish case–control study involving 39,652 patients with IBD and 396,520 controls revealed that patients with IBD were more likely to have PD at the time of IBD diagnosis compared with the control population (OR = 1.4; 95% CI: 1.2–1.8). Similar results were observed in the subgroup analysis of Crohn’s disease (OR = 1.6; 95% CI: 1.1–2.3) and ulcerative colitis (OR = 1.4; 95% CI: 1.1–1.9) (18). The 2019 update of the World Movement Disorder Society diagnostic criteria for the prodromal stage of PD specifies that IBD is a candidate diagnostic marker for PD. This implies reliable and credible evidence; however, the corresponding prospective studies are lacking (9).



2.2 Risk of IBD in patients with PD

Freuer et al. analyzed 463,372 IBD-related datasets (7,045 cases and 456,327 controls) and 1,474,097 PD-related datasets (56,306 cases and 1,417,791 controls). Mendelian randomization (MR) analysis using inverse variance weighting (IVW) showed that IBD was not associated with the risk of PD (OR = 0.98, p = 0.48) (19). MR analysis was performed using the data obtained from 59,957 patients with IBD (25,042 cases and 34,915 controls) and 1,474,097 patients with PD-related using five statistical methods, including IVW and robust adjusted profile score (RAPS). The risk of IBD in patients with PD was higher than that in the control population (IVW and RAPS OR values were 1.062 and 1.063, respectively; both p < 0.05). The results of the remaining three statistical methods were negative (19). Two-way MR was used to analyze 214,053 patients with IBD (3,753 cases and 210,300 controls) and 482,730 patients with PD (33,674 cases and 449,056 controls). The authors observed the incidence of IBD in PD (OR = 1.014; 95% CI: 0.967–1.063; p = 0.573) and that of PD in IBD (OR = 0.978; 95% CI: 0.910–1.052; p = 0.549) (20). Currently, there is a paucity of definitive evidence to establish a direct association between PD and IBD; however, epidemiological correlations between the two disorders have been observed. Additional prospective and mechanistic studies are needed to clarify the possible causal relationship between these two diseases and the specific biological pathways involved in their interaction. This information may provide important clues for the development of new strategies for the prevention and treatment of both diseases.




3 Pathophysiology of PD and IBD


3.1 Genetic factors

Several authors have reported common genetic variants associated with the risk of PD and IBD (21). The NOD2/CARD15 gene may be a common risk gene for PD and IBD (22). This gene is located on chromosome 16 and encodes the NOD2 protein (23). Four single nucleotide polymorphisms (SNPs; R702W, G908R, L1007fs, and P268S) of the NOD2/CARD15 gene are highly expressed in patients with Crohn’s disease and PD (22, 24, 25). However, Appenzeller et al. suggested that the three SNPs (R702W, G908R, and L1007fs) are not associated with PD (26). The NOD2 protein encoded by this gene plays an important role in maintaining intestinal homeostasis. Any mutation in the NOD2 gene may increase the susceptibility to IBD in the corresponding population through nuclear factor-κb activation and cytokine response (27). The leucine-rich repeat kinase 2 (LRRK2) gene is located on chromosome 12 and encodes the LRRK2 protein (28). The LRRK2 gene is one of the important pathogenic genes in PD, and it is also related to IBD (29). The LRRK2 gene is highly expressed in peripheral blood mononuclear cells and may be involved in the inflammatory process. The expression of the LRRK2 gene in B cells, T cells, and CD16+ monocytes was higher in patients with PD than that in healthy controls. The interferon-γ stimulation can increase the expression of this gene in the immune cells of patients with Crohn’s disease (30, 31). Several SNP sites in the LRRK2 gene, including N1437H, R1441C/G/H, Y1699C, I2012T, G2019S, and I2020T, are the pathogenic mutation sites in PD, and M2397T is a risk site in Crohn’s disease. N2081D is the common risk locus of PD and Crohn’s disease, whereas N551K and R1398H are the common protective loci of PD and Crohn’s disease (29). N2081D is located in the kinase domain of the LRRK2 gene and is associated with increased kinase activity of the LRRK2 protein. R1398H is located in the Roc (Ras/GTPase-protein complex) domain of the LRRK2 gene, and mutations in this site can inactivate the LRRK2 protein by increasing GTPase activity. N551K is not in any domain of the LRRK2 gene, but N551K and R1398H show linkage disequilibrium (32, 33). Chronic neuroinflammation and intestinal inflammation are important pathophysiological processes in PD and IBD, respectively. Therefore, LRRK2 gene mutations may mediate inflammatory responses by affecting the kinase and GTPase activities of the LRRK2 protein, thereby participating in the pathogenesis of these diseases (29). In addition to the LRRK2 and NOD2 genes, other genes associated with autophagy, such as ATG16L1 (34, 35) and IRGM (36), are also associated with the pathology of IBD and may be involved in the pathogenesis of PD. These findings support the idea of abnormal autophagy as a shared pathophysiological feature of PD and IBD. Although these genetic findings provide valuable insights, the exact genetic link between PD and IBD remains a complex issue that requires further investigation. A better understanding of the genetic basis of these disorders may facilitate the development of therapeutic strategies targeting shared mechanisms, thereby providing patients with better treatment options and outcomes.



3.2 Immunomodulatory mechanisms

Chronic non-specific inflammation is often accompanied by structural and functional disorders of the gastrointestinal mucosal barrier. Crohn’s disease can affect any layers of mucosa from mouth to anus, whereas ulcerative colitis usually affects the lining of the colonic epithelium (37). C-reactive protein in the blood of patients with IBD is a reliable biomarker reflecting the severity of the disease. Atreya and Neurath observed an increase in the levels of tumor necrosis factor (TNF)-α and other cytokines in the gastrointestinal tract (38) and those of inflammation-related proteins, such as calprotectin, calgranulin C (also known as S100A12), and lactoferrin, in the feces of patients with IBD (39). Neuroinflammation is one of the important pathophysiological features of PD (40), and typical inflammation occurs in the gastrointestinal tract of patients with PD. The mRNA levels of TNF-α, interferons, interleukin (IL)-6, and IL-1β increase in the colon tissue of patients with PD. In addition, the levels of IL-1β, C-reactive protein, and calprotectin increase in the feces of these patients (41). α-Synuclein, an unfolded protein composed of 140 amino acid residues, is widely expressed in the human brain, especially in the synaptic terminals of neurons (42). This protein abnormally aggregates and forms fibrous structures called Lewy bodies in the brains of patients with PD; these structures are one of the most prominent pathological hallmarks of PD (43). Intestinal inflammation may cause brain inflammation through secondary systemic inflammatory response and eventually promote the abnormal accumulation of α-synuclein in the brain to induce PD (44). Immunohistochemical analysis of colon tissues from 8 patients with IBD (4 cases of Crohn’s disease and 4 cases of ulcerative colitis) and 4 controls showed that the level of α-synuclein in the non-inflammatory area of Crohn’s disease was 2.07 times higher that of the control group, and the level of α-synuclein in the inflammatory area was 2.35 times higher that of the control group (45). Kishimoto et al. fed drinking water containing 0.5% dextran sodium sulfate to A53T gene-mutant mice for inducing colitis. The results showed that the experimental group had earlier movement disorders, abnormal accumulation of α-synuclein and degeneration of dopaminergic neurons compared with the control mice (46). Abnormal accumulation of Lewy bodies in the enteric nervous system (ENS) has been detected in the early stage of PD, and ENS dysfunction may promote the development of gastrointestinal symptoms in PD patients (47). The ENS is the origin and entrance of pathological changes in PD, and spreads to the central nervous system through vagus nerve transmission, leading to further substantia nigra lesions. Enteric glial cells (EGCs), as the most abundant cells of ENS, are closely related to the intestinal microbiota (48) and respond to microbial invasion. Related studies have found that bacterial lipopolysaccharide (LPS) and IL-6 can activate EGC by binding to PRR on the membrane of EGC cells, trigger TLR4/NF-κB and other proinflammatory signaling pathways and the formation of NLRP3 inflammasome, and promote intestinal immune inflammation to clear pathogens (49, 50). EGC can exert immunosuppressive and anti-inflammatory effects by releasing GDNF and BDNF. After the release of GDNF, it can bind to RET on type 3 lymphocytes (ILC3), thereby activating ILC3 and promoting the release of anti-inflammatory factor IL-22 and the expression of repair genes in intestinal epithelial cells, thus protecting the inflammatory epithelium of colon (51). The released BDNF reduced the expression of nitric oxide synthase and pro-inflammatory factor IL-6 induced by LPS in mice by down-regulating the TLR4 receptor on EGC, and alleviated intestinal inflammation (52). Drokhlyansky et al. (53) applied single-cell sequencing to the analysis of human and mouse ENS and found that genes expressed in the intermuscular and mucosal EGCs were significantly different, and found that several PD risk genes were enriched in the ENS, among which NRXN1 and ANK2 were enriched in the EGC, indicating that the dysfunction of EGC may aggravate CNS disease. EGC reactive hyperplasia and its specific glial markers are found in the colon tissues of PD patients, and they appear in the early stage of PD (54). Therefore, EGC obtained by gastrointestinal mucosal biopsy and analyzed may be superior to α-syn in predicting early PD. In the latest study by Perez-Pardo et al. (55) immunofluorescence staining of fixed sections of the colon of dead mice also found that the expression of EGC-derived glial fibrillary acidic protein (GFAP) and α-syn was increased simultaneously, suggesting that EGC may also play a role in the pathological formation of intestinal α-syn. It has also been shown that α-syn can ascend to the central nervous system via the enteric glia Cx43 hemicchannel (through which glial-glial syncytial cells are connected as a pathway for intercellular communication between the gastrointestinal tract and the central nervous system) or the vagus nerve (56). It was further found that EGC also plays a role in the ascent of α-syn to the central nervous system. EGC in PD may be pathological activated, which may promote α-syn misfolding in ENS by participating in intestinal immune inflammation and help α-syn spread to the brain. In turn, α-syn may also act as an effector molecule to further promote the pathological activation of EGC. Therefore, chronic inflammation links these two diseases, providing potential targets for future therapeutic strategies. Future studies should focus on the specific mechanisms linking IBD and PD, especially the role of α-synuclein. In addition, strategies to intervene in intestinal inflammation should be explored to reduce the risk of PD or delay its progression.



3.3 Brain–gut axis: gut microbes and SCFAs

The “gut–brain axis” theory is based on experimental evidence indicating the link between the gut environment and the central nervous system. The theory proposes a connection between the emotional and cognitive centers of the brain with peripheral gut functions (57). The disruption of gut microbiota is closely related to autism, neurodegenerative diseases and emotional disorders (stress, depression, anxiety) (58). The composition of gut microbiota is affected by diet and environment, and the use of antibiotics is one of the important reasons for destroying the stability of gut microbiota (59). A rodent study showed that low-dose penicillin administered late during pregnancy and early after birth had long-term effects on mouse offspring, including altered gut microbiome composition, increased cytokine expression in the frontal cortex, altered blood–brain barrier integrity, and behavioral measures, with the mice showing anxitty-like behavior (60). Through metagenomic sequencing, Yang et al. found that a variety of phages and bacteria in the gut of patients with major depression were changed, among which the reduced abundance of Blautia and Eubacterium was significantly associated with depressive symptoms (61). In addition, a meta-analysis showed that Bacteroides, Paranobacillus, and Barnesiella were enriched in patients with depression, while Firmicutes, Spirospiraceae (UCG 003, UCG 002), and Bacteroides vulgaris were significantly depleted (62). More important, Kelly et al. (63) found that transplantation of “depressive microbiota” into germ-free mice induced depressive-like behaviors and features, including anhedonia and states of hopelessness. Therefore, by understanding the bidirectional communication system of the gut-brain axis, we can gain deeper insight into how changes in the gut microbiota affect brain function, which in turn affects individual emotional and behavioral performance. According to this theory, PD may be a consequence of intestinal dysbiosis or intestinal barrier dysfunction or both, which is caused by an unknown pathogen in the gastrointestinal tract. The main pathological manifestation of PD is Lewy body (LB), which is caused by the misfolding and aggregation of α-synuclein (α-syn) (64). Many studies have verified the “gut-brain axis” hypothesis that α-syn can spread from the gastrointestinal tract to the brain through the vagus nerve (65, 66). Kim and colleagues found that α-syn injected in the duodenum and pylorus of mice migrated through the vagus nerve to the substantia nigra, locus locus locus, olfactory bulb, cerebellum, and other brain regions to accumulate and precipitate, causing PD-related motor disorders and non-motor symptoms (65). A recent study (67) found that α-syn can promote the transmission of each other from the gut to the brain by interacting with Tau protein, triggering the loss of substantia nigra dopaminergic neurons. Furthermore, some researchers have used glucose probes to study the intestinal permeability of PD patients and found that the intestinal epithelial barrier in PD patients has similar dysfunction as that in patients with enteritis (68). A study using baboons as a model, published in Brain, found that α-syn not only travels from the gut to the brain, but also travels backwards (69). In recent years, studies have continuously revealed that psychological factors play an important role in the course of organic diseases (such as IBD) through the role of brain-gut axis (70). Psychological factors aggravate IBD by increasing intestinal permeability, changing intestinal flora and enhancing immune response mediated by brain-gut axis (71). Intestinal inflammation can cause psychological diseases. In recent years, animal studies have found that intestinal inflammation in mice with colitis can lead to increased serum C-reactive protein and cortisol levels, and lead to inflammation represented by increased cyclooxygenase-2 levels in the limbic system of the brain through the hypothalamic–pituitary–adrenal axis (HPA). Heightened reactivity and decreased brain-derived neurotrophic factor (BDNF), which is thought to be directly linked to psychological disorders such as anxiety (72). Therefore, pathological α-syn caused by intestinal barrier dysfunction moves from the intestine to the brain and induces PD, and PD patients are often accompanied by different degrees of gastrointestinal symptoms, which needs more basic and clinical research evidence to confirm.

PD and IBD are characterized by intestinal microbial dysbiosis (73, 74). The proportion of pro-inflammatory bacteria, such as Proteobacteria, increases, whereas the abundance of some beneficial bacteria (SCFA producers) decreases in the gut of patients with PD. This imbalance of microbiota may lead to impaired intestinal barrier function and increased intestinal permeability, allowing more pathogens and inflammatory molecules to enter the blood circulation. Ultimately, this affects brain function, promotes neuroinflammation, and induces abnormal aggregation of α-synuclein in PD (73). A decline in the production of SCFAs by bacteria, such as Faecalibacterium and Roseburia, in patients with IBD, which are essential for maintaining the health of the intestinal mucosa and suppressing inflammatory responses (75). The abundance of pro-inflammatory bacteria of the Enterobacteriaceae family is increased in patients with PD and IBD. The abundance of SCFA-producing bacteria, such as Prevotellaceae (Bacteroidota), Lachnospiraceae (including Roseburia; Firmicutes), and Faecalibacterium is decreased in these patients. While Verrucomicrobia, Verrucomicrobiaceae, the abundance of anti-inflammatory bacteria, including Akkermansia, Lactobacillaceae, and Actinobacteria (including Bifidobacterium) was heterogeneous. Anti-inflammatory bacteria, such as Akkermansia, Lactobacillaceae, and Bifidobacterium, can grow in an inflammatory environment, and their abundance increases later than the “intestinal inflammation” process of PD and IBD (76–78). Lactobacillus and Bifidobacterium can modulate the host’s immune response, enhancing gut health by improving mucosal barrier function and reducing inflammation. This is partly achieved through the production of short-chain fatty acids (SCFAs) like acetate, propionate, and butyrate, which have anti-inflammatory properties. These bacteria contribute to the strengthening of the gut barrier, preventing the translocation of harmful bacteria and endotoxins into the host’s circulatory system. This barrier function is crucial for preventing infections and maintaining immune homeostasis (79, 80).

Metabolites of gut microbiota, such as SCFAs, show similar changes in patients with PD and IBD. SCFAs are a group of saturated fatty acids with carbon atom number ≤ 6, including acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid, isovaleric acid, caproic acid, and isocaproic acid. They are mainly produced by intestinal microorganisms in the colon by fermentation of the dietary fiber (81). Mechanistic studies in animal models have shown that butyrate has beneficial effects in maintaining the integrity of the gastrointestinal mucosal barrier, quenching oxygen at the epithelial interface and acting as an immunomodulatory agent. Propionate has been reported to induce satiation by regulating the production of anorexigenic hormones and intestinal gluconeogenesis, while also affecting glucose metabolism. Butyrate has been suggested to be associated with anti-cancer and anti-inflammatory effects, but direct evidence for this is lacking (82). In addition, it has been found that the use of butyrate in animal models of Parkinson’s disease can improve dyskinesia and dopamine deficiency (83), while propionate seems to be negatively correlated with the Unified Parkinson’s Disease Rating Scale III (84). Shin et al. detected SCFAs in PD patients and found that the concentrations of acetic acid, propionic acid and butyric acid in feces decreased, while the concentrations of acetic acid and propionic acid in plasma increased in PD patients. The severity of the disease was negatively correlated with the concentrations of SCFAs in feces (except propionic acid), and positively correlated with the concentrations of acetic acid, propionic acid and valeric acid in plasma (84). SCFAs are involved in the occurrence of PD by affecting the integrity of the blood–brain barrier, the function of microglia, neuronal autophagy and apoptosis, the integrity of the intestinal barrier, and intestinal inflammation (85). SCFAs play an immunomodulatory role in IBD by participating in regulating the differentiation of innate and adaptive immune cells and the function of related cells (86). Chen et al. reported that SCFA concentration decreases in the feces of patients with PD, whereas it increases in blood, urine, and saliva. This phenomenon may be related to the effect of SCFAs on intestinal mucosal permeability (87). A meta-analysis of 12 studies involving 572 patients with IBD and 282 healthy controls showed that fecal concentrations of acetic acid, propionic acid, butyric acid, and valeric acid decreased in patients with IBD. However, subgroup analysis showed that the changes in fecal SCFAs in patients with Crohn’s disease were different from those in patients with ulcerative colitis. Acetic acid, valeric acid, and total SCFAs showed a downward trend in patients with ulcerative colitis, whereas acetic acid, butyric acid, and valeric acid showed a downward trend in patients with Crohn’s disease. In addition, subgroup analysis found that the concentration of butyrate in patients with ulcerative colitis changed at different disease stages; it was lower than that in healthy controls in the active stage and higher in the remission stage (88). Future research should focus on the specific role of gut microbiota and their metabolites in the pathogenesis of PD and IBD. Therapeutic strategies should target regulating the composition of gut microbiota and increasing the production of beneficial SCFAs. The researchers should focus on the specific effects of SCFAs on intestinal mucosal permeability and central nervous system inflammation.




4 Treatment of PD and IBD


4.1 Medicine

Commonly used drugs for the treatment of IBD include non-biological and biological agents. Classical non-biological agents include aminosalicylic acid, thiopurines, and hormones. Biological agents include anti-TNF, interleukin, and other cytokines, and drugs acting on specific inflammation-related pathways (89–91). A 2023 meta-analysis of six studies with data on the use of medications for IBD showed a protective effect of medications for IBD on the onset of PD (RR = 0.88) (92). 5-aminosalicylic acid (5-ASA) and anti-TNF drugs are commonly used for the treatment of IBD. In a cross-sectional study of 144,018 patients with IBD, the risk of PD was lower in those who received anti-TNF drugs than in those who did not (IRR = 0.22; p = 0.03) (93). Ríos et al. conducted a study on 20,208,682 patients and found that people under 65 years of age were less likely to receive anti-PD medication while using 5-ASA than those not using 5-ASA (OR = 0.28; p = 0.0103) (94). The above findings support the idea that drugs for IBD may indirectly slow the course of PD or reduce the risk of its development by reducing the inflammatory response. The studies on the specific mechanisms underlying the protective effects of IBD drugs on PD, including clinical trials to validate the potential utility of these drugs in patients with PD, may lead to more promising treatment prospects for patients with IBD and PD. The literature suggests that treatment with L-dopa-carbidopa enteric-coated gel (LCIG), which is a commonly used treatment for advanced PD, may indirectly help improve the prevalent GI symptoms in PD patients. Continuous infusion of LCIG is designed to minimize fluctuations in plasma drug concentrations, which not only optimizes motor symptom control but may also help stabilize GI function by providing more stable dopamine stimulation (95). MR Analysis of PD and IBD suggested that the CXCR4 gene is a potential drug target. The gene encodes the chemokine receptor CXCR4, and flavonoids may become potential therapeutic drugs for PD and IBD by inhibiting the CXCR4 protein (96). Therefore, new therapies for PD and IBD can be developed by finding the gene targets of drugs.



4.2 Fecal microbiota transplantation and probiotic treatment

FMT and probiotic therapy are two novel approaches for the treatment of gut-related diseases. Both these approaches have been evaluated for the treatment of PD and IBD. These two approaches modulate the gut microbiome and show potential therapeutic value in regulating intestinal inflammation and gut–brain axis interactions. FMT can ameliorate the intestinal microbial imbalance in the mouse model of PD, increase the levels of striatal dopamine and 5-hydroxytryptamine, and play a neuroprotective role by inhibiting neuroinflammation (97). FMT can ameliorate motor symptoms (e.g., tremors and bradykinesia) and non-motor symptoms (such as constipation, anxiety, depression, and sleep disorders) of patients with PD to a certain extent (98, 99). However, FMT is considered a controversial treatment for patients with IBD. Although FMT helps relieve the symptoms of patients with IBD in some small clinical studies, patients become prone to adverse reactions, such as infection and fever (100, 101). In contrast, probiotics are more clinically useful in adjusting intestinal microecology.

According to the definition of the World Health Organization and the Food and Agriculture Organization of the United Nations, probiotics are a group of living microorganisms (102) that can provide health benefits to the host when ingested in appropriate amounts. Probiotics can live and reproduce in the intestinal tract, and have a variety of functions, including maintaining intestinal health, enhancing immunity, promoting nutrient absorption, and alleviating gastrointestinal symptoms. Among them, probiotics perform well in the maintenance of intestinal health. It maintains intestinal health by inhibiting the growth of harmful bacteria, increasing the stability of intestinal mucosal barrier, and promoting intestinal peristalsis (103). Probiotics have recognized antioxidant, anti-inflammatory, and neuroprotective effects, which can regulate central nervous system activity by targeting a variety of cellular and molecular processes, such as oxidative stress, inflammatory and anti-inflammatory pathways, and apoptosis (104). Sun et al. (105) showed that probiotic lactis Probio-M8 synergeted with traditional drug treatment regimens for Parkinson’s disease to enhance the clinical efficacy of PD treatment, while changing the host’s gut microbiome, gut microbial metabolic potential, and serum metabolites. Zhao et al. (106) showed that rotenone-induced PD mouse model damaged the intestinal barrier, leading to the leakage of pathogenic LPS and LBP, which activated the SN and TLR4 signaling pathway in the colon. Fecal microbiota transplantation intervention could protect rotenone-induced PD mouse model by improving the imbalance of intestinal microbiome. Inhibition of the LPS-TLR4 signaling pathway in the gut and brain may play an important role. One study found that long-term use of probiotics produced marked neuroprotective effects on dopaminergic neurons and improved motor deficits in a mouse model of genetic PD (107). The probiotic E. coli Nissle1917 is as effective as standard 5-ASA therapy in slowing the progression of ulcerative colitis (108). Daily supplementation of probiotics improved gait, balance function, and motor coordination in a mouse model of PD, and long-term administration of probiotics has a neuroprotective effect on dopamine neurons (109). The results of randomized double-blind controlled trials have indicated that probiotics can help relieve non-motor symptoms, such as constipation, abdominal pain, and bloating, as well as the total Unified Parkinson’s Disease Rating Scale score in patients with PD (110). Although FMT is controversial in the treatment of IBD and may be associated with some risks, it has shown the possibility of alleviating motor and non-motor symptoms in patients with PD. Probiotic therapy, a safer and more clinically accessible treatment, has shown promise in slowing the progression of ulcerative colitis and protecting dopamine neurons in PD models. Future studies are needed to explore the mechanisms of action of FMT and probiotic therapy in the treatment of PD and IBD, especially how they modulate the intestinal microbial community for optimal therapeutic effects. In addition, more clinical trials are necessary to evaluate the safety, efficacy, and long-term effects of these treatments, especially in patients with PD and IBD at different stages and types.




5 Conclusion and prospects

The seemingly different diseases, PD and IBD, have many similarities in epidemiological characteristics, pathophysiological mechanisms, and treatment approaches. Therapeutic strategies for IBD, such as anti-inflammatory and immunomodulatory approaches, are potentially protective against PD progression. In addition, modulation of gut microbiota, including interventions through diet, probiotics, or emerging drug targets such as CXCR4, can be used for the treatment of both diseases. The assessment of PD and IBD should adopt a holistic approach, investigating the interrelationship between these two conditions, and deciphering how their interactions influence disease onset and progression. Future research endeavors should focus on elucidating the precise mechanisms underpinning these associations and developing innovative therapeutic approaches to enhance the quality of life for individuals afflicted with these disorders.
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This study delves into the pivotal role of the gut microbiota and the brain-gut axis in Parkinson’s Disease (PD), a neurodegenerative disorder with significant motor and non-motor implications. It posits that disruptions in gut microbiota—dysbiosis—and alterations in the brain-gut axis contribute to PD’s pathogenesis. Our findings highlight the potential of the gastrointestinal system’s early involvement in PD, suggested by the precedence of gastrointestinal symptoms before motor symptoms emerge. This observation implies a possible gut-originated disease pathway. The analysis demonstrates that dysbiosis in PD patients leads to increased intestinal permeability and systemic inflammation, which in turn exacerbates neuroinflammation and neurodegeneration. Such insights into the interaction between gut microbiota and the brain-gut axis not only elucidate PD’s underlying mechanisms but also pave the way for novel therapeutic interventions. We propose targeted treatment strategies, including dietary modifications and fecal microbiota transplantation, aimed at modulating the gut microbiota. These approaches hold promise for augmenting current PD treatment modalities by alleviating both motor and non-motor symptoms, thereby potentially improving patient quality of life. This research underscores the significance of the gut microbiota in the progression and treatment of PD, advocating for an integrated, multidisciplinary approach to develop personalized, efficacious management strategies for PD patients, combining insights from neurology, microbiology, and nutritional science.
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1 Introduction

Parkinson’s disease (PD), a chronic and progressively worsening neurodegenerative disorder, primarily impairs motor functions, manifesting in tremors, stiffness, bradykinesia (a slowness in movement), and instability in posture. Ranking as the second most prevalent neurodegenerative condition after Alzheimer’s disease, PD exerts a profound effect on individuals and communities globally (1). The Parkinson’s Foundation estimates that over 10 million individuals worldwide live with PD, a number projected to increase with the aging of the population (1). Beyond its physical toll, PD imposes significant economic burdens through healthcare and treatment costs (2).

Recent research has highlighted the brain-gut axis as a crucial factor in understanding PD’s pathogenesis and progression (3). This axis is a sophisticated communication network connecting the gastrointestinal (GI) tract’s enteric nervous system (ENS) with the central nervous system (CNS), involving neural, hormonal, and immune pathways (3). Evidence suggests that disruptions in the brain-gut axis may underlie several neurological disorders, including PD (4). Notably, gastrointestinal issues like constipation can precede PD’s hallmark motor symptoms, indicating the gut’s potential early involvement in the disease’s pathology (4).

The gut microbiota, a complex ecosystem of microorganisms in the GI tract, has attracted attention for its role in neurological health and disease (5). These microorganisms influence brain health through various mechanisms, such as immune modulation, neuroactive compound production, and interaction with the GI tract’s mucosal barrier (6). Changes in gut microbiota composition and function have been linked to PD, suggesting a possible contribution of these microorganisms to the disease’s development and progression (7). Through its interaction with the brain-gut axis, the gut microbiota may impact the dopaminergic system and play a part in PD’s neurodegenerative processes (8).

The exploration of the relationship between gut microbiota and the brain-gut axis in PD offers fresh perspectives on the disease’s underlying mechanisms and introduces novel therapeutic targets. Delving into this interplay can broaden our understanding of PD and foster innovative strategies to alleviate its effects, demonstrating the potential of this research domain to revolutionize PD treatment methodologies.



2 Brain-gut axis in PD

The brain-gut axis denotes the sophisticated bidirectional communication network that integrates the CNS with the ENS of the GI tract. This elaborate network comprises neural pathways, including the autonomic nervous system (ANS) and the ENS, alongside immune responses and hormonal signals (9). Dubbed the “second brain,” the ENS hosts millions of neurons that not only function autonomously but also engage in continuous communication with the CNS, thus influencing a broad spectrum of functions from digestion to emotional regulation (10).

Central to the operation of the brain-gut axis is the gut microbiota, an extensive consortium of microorganisms inhabiting the GI tract (11). These microbes play pivotal roles in food digestion, vitamin production, pathogen defense, and immune system modulation (9). Notably, the gut microbiota synthesizes various neuroactive substances, including short-chain fatty acids (SCFAs), neurotransmitters, and metabolic by-products, which can impact brain functions, behaviors, and mood (10). These effects are mediated through both direct and indirect pathways, engaging immune and neural mechanisms, thereby exerting a significant influence on the brain-gut axis.

Disturbances in the brain-gut axis and changes in gut microbiota composition, known as dysbiosis, have been associated with PD pathology (12). Disruptions may increase intestinal permeability, colloquially referred to as “leaky gut,” facilitating the entry of pro-inflammatory agents and pathogens into the bloodstream, which may, in turn, incite inflammatory responses in the CNS (13). Such inflammation is implicated in the neurodegeneration characteristic of PD. Additionally, altered gut microbiota in PD patients tend to produce reduced levels of beneficial SCFAs and increased levels of certain neurotoxic metabolites, thereby linking gut dysbiosis to PD’s pathological landscape (3).

The manifestation of GI symptoms, such as constipation in PD patients, prior to the emergence of motor symptoms underscores the critical role of the brain-gut axis in the disease’s progression (14). The precursory occurrence of GI symptoms suggests the gut as a potential initial site of disease pathology. It is postulated that pathological processes, including the aggregation of alpha-synuclein—a protein intimately associated with PD—may originate in the gut and ascend to the brain via the vagus nerve, a key neural pathway of the brain-gut axis (14).

Elucidating the complex interplay within the brain-gut axis and the influence of gut microbiota on this axis sheds light on PD’s pathogenesis and heralds novel therapeutic interventions targeting gut microbiota to bolster the health of the brain-gut axis. This nuanced understanding fosters a deeper comprehension of PD and invites innovative approaches to mitigate its impact.



3 Gut microbiota’s role in PD

The gut microbiota, comprising trillions of microorganisms such as bacteria, viruses, fungi, and protozoa within the human GI tract, plays an indispensable role in maintaining human health. This intricate microbial ecosystem is pivotal for digestion, nutrient absorption, immune system modulation, and the biosynthesis of vital vitamins. Moreover, the gut microbiota engages in a dynamic interaction with the host’s CNS via the brain-gut axis, influencing both brain function and behavior (10). This interaction highlights the gut microbiota’s critical role in neurological wellness and disorders, including PD.

Observations in PD have revealed notable alterations in both the composition and functionality of the gut microbiota. Studies indicate a diminution in the levels of beneficial bacteria, particularly those that produce SCFAs such as butyrate (7). These beneficial microbes are essential for sustaining gut integrity, modulating inflammation, and bolstering neuronal health (7). In contrast, there is an upsurge in bacteria linked to pro-inflammatory states in PD patients, resulting in a microbial imbalance known as dysbiosis.

The repercussions of gut microbiota dysbiosis on the progression of PD are complex and multifaceted (13). Dysbiosis may lead to increased intestinal permeability, colloquially termed “leaky gut,” enabling the translocation of toxins, microbial by-products, and pro-inflammatory agents into the bloodstream (13). This phenomenon may initiate systemic and neuroinflammation, contributing to the neurodegeneration characteristic of PD (3). Furthermore, certain microbial metabolites could directly affect the aggregation of alpha-synuclein, a protein critically implicated in PD pathology (15). The pathological accumulation of alpha-synuclein within the enteric nervous system might traverse neural pathways to the CNS, potentially marking a pathway for PD’s onset and progression initiating in the gut (15).

Additionally, the gut microbiota can influence the pharmacokinetics and efficacy of PD medications, thereby impacting therapeutic outcomes (16). For example, specific bacterial strains are capable of metabolizing levodopa, the cornerstone of PD treatment, potentially diminishing its bioavailability and therapeutic effect.

In essence, the gut microbiota occupies a central role in the realm of PD research and therapeutic development. The discernible shifts in the gut microbiota associated with PD highlight the therapeutic potential of targeting these microbial communities to modulate the disease trajectory. Ongoing research aiming to elucidate the intricate interactions between gut microbiota and PD holds the promise of unveiling innovative therapeutic avenues. These future strategies may leverage the gut’s complex microbial ecosystem to decelerate or even alter PD’s progression, offering new hope for affected individuals.



4 Mechanisms of gut microbiota influence on PD

The influence of gut microbiota on PD unfolds through a spectrum of mechanisms spanning visceral sensory pathways, endocrine pathways, and immune pathways (10, 11, 13, 17–61). This multifaceted interplay between the GI tract and the brain elucidates how variations in gut microbiota composition can play a pivotal role in PD’s pathogenesis.

Visceral sensory pathways: The ENS, dubbed the “second brain,” comprises an extensive network of neurons that line the GI tract, facilitating crucial gut-brain communication. The gut microbiota impacts the ENS and, by extension, communicates with the CNS via visceral sensory pathways, with the vagus nerve serving as a direct conduit between the gut and the brain (13, 18–61). Emerging research posits that pathogenic variants of alpha-synuclein—a hallmark protein in PD—may originate within the gut and ascend to the brain through the vagus nerve, implicating this route in the disease’s early development and progression (13, 22, 32, 41, 46, 49, 58–60). Additionally, the gut microbiota’s role in neurotransmitter production, such as serotonin and dopamine, which are integral to mood regulation and motor control, respectively, further underscores its potential impact on PD symptomatology (13, 20, 21, 25, 31, 32, 35, 38, 39, 42, 43, 45, 48, 50, 53, 61).

Endocrine pathways: The gut microbiota exerts a substantial influence on host metabolism and endocrine functions through the production of metabolites like SCFAs—butyrate, propionate, and acetate. These metabolites possess the ability to traverse the blood–brain barrier, modulating brain functions including neural activity, neuroinflammation, and neuroprotection (22, 23, 26, 27, 29, 31–37, 39, 42, 43, 45, 46, 48, 51–53, 55, 57–60). In PD, alterations in the production of gut microbiota-derived metabolites may compromise neuronal health and foster neurodegeneration (19, 20, 22, 24–26, 28, 30–32, 35–44, 46–54, 56–61). The microbiota’s capacity to regulate the secretion of gut hormones such as ghrelin and glucagon-like peptide-1 (GLP-1), both noted for their neuroprotective properties, may also be pivotal in modulating PD’s progression (23, 27, 31, 33, 35, 39, 53).

Immune pathways: The gut microbiota is instrumental in shaping the host’s immune system development and functionality (13, 18, 19, 21–23, 25–29, 31–38, 40–42, 44–61). Dysbiosis, defined as an imbalance in gut microbiota, can precipitate a skewed immune response characterized by heightened production of pro-inflammatory cytokines and activation of microglia, the CNS’s innate immune cells (13, 21–23, 27, 28, 32, 34–36, 39, 41, 44, 46–48, 50, 52–60). Such systemic inflammation is believed to intensify neuroinflammation, thereby exacerbating PD’s neurodegenerative trajectory (13, 21–23, 27, 28, 32, 34–36, 39, 41, 44, 46–48, 50, 52–54, 56–60). Notably, certain gut bacterial strains are known to induce regulatory T cells (Tregs) production, pivotal in dampening inflammatory responses (21, 23, 27, 32, 35, 39, 53). A disruption in this delicate balance within the gut microbiota may undermine these regulatory mechanisms, propelling unchecked inflammation (21, 23, 27, 32, 35, 39, 53).

In essence, gut microbiota’s contribution to PD spans several intricate mechanisms, including the modulation of visceral sensory and endocrine pathways, along with the orchestration of immune responses (13, 18–61). A deeper comprehension of these mechanisms not only illuminates PD’s underlying pathophysiology but also heralds novel gut microbiota-targeted therapeutic strategies, potentially curbing PD’s progression.



5 Gut microbiota in PD treatment

The therapeutic paradigm for PD is broadening to encompass strategies that specifically target the gut microbiota, acknowledging its substantial influence on the disease’s pathophysiology (13, 18–61). This approach includes dietary modifications, fecal microbiota transplantation (FMT), and an understanding of the interactions between gut microbiota and PD medications as promising pathways to enhance patient care (Tables 1, 2).



TABLE 1 Alterations in GM in animal studies of PD.
[image: Table detailing alterations in gut microbiota (GM) associated with Parkinson's disease (PD) in mice and monkeys. It includes various microbial changes, their effects, and references. Changes range from microbial dysbiosis, alterations in metabolite profiles, to impacts on inflammation. References are numerically listed on the right.]



TABLE 2 Alterations in GM in patients with PD of clinical trials.
[image: Table summarizing treatments for patients with Parkinson's disease and their effects on gut microbiota (GM). Treatments include probiotics, dietary intervention, prebiotic fiber, and more. Outcomes range from improved symptoms and microbiome changes to non-improvements. Each row includes specific alterations in GM and references, numbered from fifty to sixty-one. Abbreviations: PD for Parkinson's disease, GM for gut microbiota, NR for not reported, SCFA for short chain fatty acids.]

Dietary interventions targeting gut microbiota: The diet significantly impacts the composition and functionality of the gut microbiota. The incorporation of probiotics—beneficial live microorganisms—has been recognized for its positive influence on gut health. In the context of PD, probiotics may mitigate gastrointestinal symptoms such as constipation and could potentially decelerate the disease’s progression by modulating inflammatory responses and exerting neuroprotective effects (23, 31, 33–35, 38, 42, 44, 45, 48, 50, 53, 54, 60, 61). Similarly, the ketogenic diet, characterized by its high fat and low carbohydrate content, is posited to offer benefits to PD patients by providing an alternative energy source for brain cells and potentially reshaping the gut microbiota composition, thus mitigating inflammation and oxidative stress associated with PD pathology (20, 22, 32, 37, 39, 40, 43, 46, 51).

FMT: FMT, the process of transferring fecal matter from a healthy donor to a patient’s gastrointestinal tract, aims to re-establish a balanced microbiome (25, 29, 34, 35, 44, 45, 54–61). Initially utilized for Clostridium difficile infections, FMT is now being explored as a viable treatment option for PD (34, 35, 45, 54, 57, 60, 61). By directly modifying the gut microbiota, FMT seeks to rectify the dysbiosis prevalent in PD patients, thereby possibly reducing systemic and neuroinflammation while providing neuroprotective advantages (25, 29, 34, 35, 44, 45, 54–61). Despite its potential, the efficacy and safety of FMT for PD treatment require more extensive clinical investigation (25, 29, 34, 35, 44, 45, 54–61).

Interplay between gut microbiota and PD medications: The gut microbiota significantly affects the effectiveness and potential toxicity of PD medications (20–61). Certain gut bacteria have the ability to metabolize levodopa, the cornerstone treatment for PD, thereby influencing its bioavailability and therapeutic impact (23, 25, 27–29, 31–33, 35–37, 39, 42, 44, 46, 49–51, 53–61). Conversely, PD medications might alter the gut microbiota’s composition, influencing the disease’s trajectory and gastrointestinal manifestations (20, 22, 24, 26, 30, 34, 38, 40, 41, 43, 45, 47, 48, 52). Appreciating this reciprocal relationship is essential for refining PD management strategies, suggesting that gut microbiota modulation could amplify medication efficacy and minimize negative side effects (20–61).

In summary, focusing on gut microbiota presents an innovative treatment avenue for PD, with dietary adjustments, FMT, and an insightful understanding of the microbiota-medication interaction holding promise for advancing patient outcomes (20–61). Continued research in this domain is anticipated to integrate these strategies into personalized PD management plans, fostering improved quality of life and offering potential for disease modification in PD patients.



6 Behavioral and cognitive effects of gut microbiota in PD

The complex interplay between the gut microbiota and PD notably affects both behavioral and cognitive aspects of the condition, extending the impact of the microbiota beyond merely influencing motor symptoms (3, 6, 7, 9, 12, 13, 16–61). Current research underscores the link between gut microbiota and PD’s non-motor symptoms, such as depression and anxiety, alongside cognitive decline and dementia associated with the disease.

Association with Non-motor Symptoms: Non-motor symptoms, including depression and anxiety, significantly detract from the quality of life for individuals with PD and often manifest prior to the disease’s motor symptoms. This timing suggests a potential connection to early pathological changes within PD (13, 18, 20, 21, 24, 26, 28, 31, 33, 34, 36, 39, 42, 43, 45, 47, 50, 51, 53, 55, 58, 59, 61). The gut-brain axis mediates the gut microbiota’s effect on mood and behavior, with specific bacterial strains producing neurotransmitters like serotonin and dopamine, crucial for mood regulation (9, 13, 16, 18, 20, 22, 25, 27, 30, 32, 35, 37, 43, 45, 50, 52, 56, 58). Dysbiosis, a disruption in the balance of gut microbiota, has been linked to mood disorders within the PD population. For example, a decrease in beneficial bacteria, particularly those producing SCFAs, may increase gut permeability and systemic inflammation, leading to neuroinflammation implicated in the onset of depression and anxiety in PD (6, 13, 14, 16, 18, 20, 23, 25, 27, 29, 31, 34, 36, 39, 41, 43, 46, 48, 50, 53, 56, 59).

Cognitive impacts and PD-related dementia: Cognitive impairment, including dementia, poses a significant challenge in PD, potentially progressing as the disease advances (14, 15, 17, 23, 30, 41, 44, 48, 52). The gut microbiota’s role in cognitive health is increasingly acknowledged, with evidence suggesting that dysbiosis may underlie the cognitive decline observed in PD (3, 4, 7, 8, 11, 12, 16, 18, 20, 24, 26, 27, 29, 31, 33, 35, 37, 39, 42, 43, 45, 47, 49, 50, 53, 55, 57, 60). Certain bacteria influence the levels of amyloid and tau proteins, associated with neurodegenerative conditions such as Alzheimer’s disease and PD-related dementia (9, 19, 22, 28, 34, 38, 46, 51, 54, 58, 61). Dysbiosis-induced inflammation could intensify neurodegeneration, hastening cognitive deterioration (5, 6, 10, 13, 21, 25, 32, 36, 40, 56, 59). Additionally, neurotoxic metabolites produced by specific pathogenic bacteria might directly affect brain function, implicating gut microbiota in PD’s cognitive deficits (2, 54).

The modulation of gut microbiota represents a viable therapeutic avenue to address PD-related dementia and cognitive impairments (1, 38, 52, 55). Interventions such as probiotics, prebiotics, and dietary adjustments targeting gut health may help manage PD’s cognitive symptoms (26, 30, 35, 41, 47, 60). However, the relationship between gut microbiota and cognitive function in PD involves complex, multifactorial mechanisms that necessitate further research for a comprehensive understanding and clinical application.

In summary, the influence of gut microbiota on PD’s behavioral and cognitive symptoms emphasizes the need for a holistic disease management approach (18, 34, 43, 50, 57). Integrating strategies to improve gut health could enhance current treatments, offering new methods to mitigate non-motor symptoms and cognitive decline (16, 24, 31, 53, 58). With ongoing advances in this research area, modulating gut microbiota may emerge as a crucial component of PD management, striving to elevate patient outcomes and life quality.



7 Future directions in research and treatment

As the nexus between gut microbiota and PD gains empirical support, specific domains have emerged, delineating where future research could significantly enhance our comprehension of PD and foster the development of novel, tailored therapeutic approaches.

Current gaps in understanding: A fundamental obstacle in current research is the partial grasp of the interplay between gut microbiota and genetic and environmental determinants in affecting PD’s onset and course (3, 12, 14–61). While disparities in the gut microbiome between PD patients and healthy individuals have been documented, the exact causal connections and the mechanisms driving these differences remain elusive. The contribution of particular microbial strains or their by-products to PD’s neuropathological traits, such as alpha-synuclein misfolding and aggregation, is not fully elucidated (12, 14–61). Present studies, predominantly animal-based or observational in humans, hint at associations without establishing causality. There is a pressing need for robust, longitudinal human studies to demystify these complex interactions.

Potential for personalized gut microbiota-based therapies: The individual variability in gut microbiota composition hints at the efficacy of personalized modulation strategies in PD management (18, 20–61). Such tailored interventions could encompass targeted probiotics to rebalance gut flora, prebiotics to foster beneficial microbes, or FMT from healthy donors (18, 20–61). Moreover, crafting microbiota-focused diets or utilizing specific microbial derivatives as therapeutic agents holds promise. Realizing the potential of these personalized treatments necessitates further research to pinpoint the optimal microbial strains and metabolites for PD patients and to assess the safety profile of such microbiota-based interventions (20–61).

The importance of further research into the brain-gut-microbiota axis: Delving into the brain-gut-microbiota axis’s intricate dynamics is vital for unveiling novel PD treatments (4, 6, 9–13, 17, 23, 26–61). This exploration should aim to clarify how gut microbiota modulates neuroinflammation, alpha-synuclein aggregation, and the blood–brain barrier’s integrity. Investigating gut microbiota’s impact on the pharmacodynamics of PD medications could refine therapeutic protocols (16, 25, 32, 38). Leveraging advanced genomics, proteomics, metabolomics, and bioinformatics tools could facilitate a granular analysis of the brain-gut-microbiota axis, setting the stage for PD treatment breakthroughs (9, 17, 23, 25, 31, 38, 39, 41, 43, 47, 49, 52, 59).

In summary, research linking gut microbiota with PD treatment is poised for significant breakthroughs, yet it demands a dedicated endeavor to bridge existing knowledge gaps. Emphasizing personalized microbiota-based therapies and a deeper investigation of the brain-gut-microbiota axis heralds a promising horizon for PD research and care, potentially transforming the lives of those afflicted with PD.



8 Summary

The burgeoning body of research accentuates the pivotal role of the gut microbiota and the brain-gut axis in both the pathogenesis and the therapeutic management of PD. This complex interaction sheds light on the disease from a perspective that extends beyond its conventional neurological confines, spotlighting gut microbiota as a viable target for innovative therapeutic approaches. Adjusting the gut microbiota through dietary measures, probiotics, FMT, and other targeted treatments emerges as a promising strategy to augment current PD therapies, potentially mitigating both motor and the frequently incapacitating non-motor symptoms.

There exists an urgent necessity to elevate awareness and propel research into comprehensive treatments leveraging the gut microbiota’s capabilities for PD care. Such endeavors demand a collaborative, interdisciplinary methodology, merging expertise across neurology, microbiology, nutrition, among other pertinent disciplines, to craft efficacious, tailored treatment modalities. As our comprehension of the brain-gut-microbiota nexus deepens, there is optimism for forging ahead with groundbreaking therapies that could significantly enhance PD patients’ life quality, steering them toward a more optimistic future. This rallying cry highlights the critical need for continued investigation and resource allocation in this dynamic and hopeful sector of PD research and therapeutic development.
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PD is a prevalent and progressive neurodegenerative disorder characterized by both motor and non-motor symptoms. Genes play a significant role in the onset and progression of the disease. While the complexity and pleiotropy of gene expression networks have posed challenges for gene-targeted therapies, numerous pathways of gene variant expression show promise as therapeutic targets in preclinical studies, with some already in clinical trials. With the recognition of the numerous genes and complex pathways that can influence PD, it may be possible to take a novel approach to choose a treatment for the condition. This approach would be based on the symptoms, genomics, and underlying mechanisms of the disease. We discuss the utilization of emerging genetic and pathological knowledge of PD patients to categorize the disease into subgroups. Our long-term objective is to generate new insights for the therapeutic approach to the disease, aiming to delay and treat it more effectively, and ultimately reduce the burden on individuals and society.
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1 Introduction

With the accelerated aging of society, neurological disorders are increasingly becoming the leading cause of disability worldwide, with the incidence of Parkinson’s disease (PD) rising at an even faster rate (Collaborators, 2019; Armstrong and Okun, 2020). In 2016, an estimated 6.1 million persons were diagnosed with PD globally, which is 2.4 times the number of diagnoses in 1990 (Armstrong and Okun, 2020). It is estimated that approximately 1,238,000 people will be living with a PD diagnosis in the United States in 2030 (Marras et al., 2018). The disease presents with a wide range of clinical manifestations, including motor symptoms like resting tremor, rigidity, bradykinesia, and postural balance disorders, as well as non-motor symptoms such as rapid eye movement sleep behavior disorder (RBD), depression, autonomic dysfunction, cognitive deficits, orthostatic hypotension, and pain (Emamzadeh and Surguchov, 2018). These symptoms not only diminish the quality of life for patients but also impose a burden on their families and society. Among the broad descriptions of PD, the emergence and development of motor and non-motor symptoms may vary significantly among individuals (Berg et al., 2021).

Although lewy body disorders and dopamine depletion are thought to play a major part in the pathogenesis of PD, abnormal aggregation of -synuclein, mitochondrial functional disorders, disturbances in immune homeostasis, and lysosomal dysfunction are also thought to play significant roles as well (Greenland et al., 2019; Berg et al., 2021). It is imperative to acknowledge the heterogeneity of PD among individuals, as evidenced by variations in anatomical involvement, clinical severity, and diverse pathological changes. Furthermore, multiple cellular, organ, and systematic procedures, along with risk factors, could have a significance in the causation and spatial progression of Parkinson’s disease (Doppler et al., 2017; Knudsen et al., 2018; Johnson et al., 2019; Berg et al., 2021).

PD exhibits significant diversity in motor and non-motor symptoms, biomarkers, age of onset, etiological factors, and causal genes. This heterogeneity challenges the perception of PD as a singular entity, emphasizing its classification as a syndrome with a spectrum of overlapping clinical and pathological subtypes (Titova et al., 2017; Berg et al., 2021). Through analysis of patient subtypes, including detailed differentiation based on onset, clinical presentation and understanding of underlying disease mechanisms, is imperative for the development of personalized therapeutic interventions (Marras and Lang, 2013; Fereshtehnejad et al., 2017).

Currently, there is no conclusive evidence to support the effectiveness of treatments that can alter the course of PD. Existing therapeutic strategies primarily focus on managing symptoms, a reactive approach that inevitably leads to increasing disability and a diminishing sense of independence as the disease progresses. The complex medical, social, and economic challenges posed by Parkinson’s underscore the urgent need for interventions that can modify its progression and enhance the quality of life of patients. Given the intricate genetic underpinnings of Parkinson’s, a deeper understanding of its functional genomics is revealing shared disease mechanisms. This knowledge holds immense potential to significantly reshape clinical diagnostic and management approaches, paving the way for the development of therapies that can modify the course of the disease and improve patient outcomes (Ye et al., 2023). In this review, we will discuss clinical evidence from genetic, pathological, immunological, and epidemiological studies concerning animal studies. These studies have helped to explore and validate targets that may serve as therapeutic interventions in the disease, to alleviate or treat PD (Figures 1, 2).
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FIGURE 1
 Age, environment and lifestyle are the main factors that influence the phenotype, pathogenesis and genotype of Parkinson’s disease. As a highly complex neurological syndrome, Parkinson’s disease needs to be researched in all aspects of its precise treatment, from influencing factors to disease phenotypes.


[image: A balance scale with the left side labeled with factors such as age, lifestyle, genetics, environment, and pathophysiology, outweighing the right side featuring a blue question mark. Above the scale is "PD".]

FIGURE 2
 How do we balance the scales?




2 Clinical heterogeneity in PD

Although clinical diagnostic criteria for PD have been revised, its diagnosis remains challenging due to the variety of clinical features and lack of specific biomarkers. The current clinical diagnosis of PD relies primarily on history and physical examination (Armstrong and Okun, 2020). The complexity and variety of clinical signs mark the start of a personalized approach to PD (Table 1; Figure 3). Before delving into precision medicine, it is helpful to examine what is currently understood about the heterogeneity of clinical PD.



TABLE 1 Clinical manifestations of motor and non-motor symptoms in Parkinson's disease.
[image: Table listing symptoms of Parkinson's disease, divided into motor and non-motor categories. Motor symptoms include tremor, rigidity, bradykinesia, and balance disorders. Non-motor symptoms cover sensory dysfunction, sleep issues, autonomic and neuropsychiatric symptoms like anxiety and depression, and cognitive impairment. Various percentages of affected patients and associated studies are cited throughout.]
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FIGURE 3
 Non-motor symptoms of Parkinson’s are detected more than a decade before the onset of motor symptoms, and their therapeutic targets should be studied in greater depth.


The primary clinical manifestations of PD, motor symptoms, exhibit discernible variations. Patients with PD can be categorized into tremor-predominant, rigid motor and mixed types based on their motor symptoms. The most prominent clinical symptoms of PD are resting tremor, rigidity, bradykinesia, and postural balance disorders. It is commonly believed that these classical motor symptoms result from degeneration of the nigrostriatal pathway and depletion of dopamine in the striatum (Gelpi et al., 2014; Schapira et al., 2017). The onset of motor signs in PD becomes evident when approximately half of the cells in the caudal substantia nigra have been lost (Fearnley and Lees, 1991). Therefore, the pharmacological treatment for motor symptoms in PD primarily focuses on dopamine (Armstrong and Okun, 2020). However, it is important to recognize that complications, such as dyskinesias, may emerge following a period of dopaminergic treatment (Armstrong and Okun, 2020).

While traditionally framed as a motor-centric disorder, PD unveils a diverse array of non-motor symptoms, emphasizing the significance of a detailed understanding of the condition. This heterogeneity encompasses a spectrum of manifestations, including rapid eye movement sleep behavior disorder (RBD), depression, autonomic dysfunction, orthostatic hypotension, cognitive impairments, and discomfort, collectively forming an intricate mosaic within the PD clinical spectrum (Pont-Sunyer et al., 2015). Rooted in peripheral system or limbic system neurodegeneration, these diverse non-motor symptoms transcend the traditional boundaries of PD, adding layers to its complexity (Gelpi et al., 2014; Schapira et al., 2017). Compared to motor symptoms, non-motor symptoms exhibit a prevalence that surpasses expectations, having a greater impact on patients and caregivers. Hyposmia or anosmia, which occurs in about 90% of people with PD, is listed by the Movement Disorder Society (MDS) criteria for PD as one of the four criteria that support a diagnosis of PD, illustrating the diverse facets shanping the PD narrative (Doty, 2012; Postuma et al., 2018; Tolosa et al., 2021). Although RBD has only about a 30–50% chance of occurring in PD, research has shown that over 90% of individuals with RBD symptoms eventually develop synuclein-related neurodegenerative diseases, including PD, underlines the intricate and diverse trajectories within the PD journey (Howell and Schenck, 2015; Galbiati et al., 2019). This diversity extends to cognitive realms, with varied forms of impairment influencing the trajectory of the disease and impacting the likelihood of developing dementia (Hely et al., 2008; Williams-Gray et al., 2013; Armstrong and Okun, 2020). These multifaceted layers, ranging from impulsive behaviors to obsessive-compulsive tendencies, add unique hues to the overall PD canvas, enriching the narrative with the diversity inherent in the condition (Miyasaki et al., 2007; Palmiter, 2007). However, despite the profound impact of these non-motor features on hospitalization, nursing home admissions, and the broader socio-familial fabric (Safarpour et al., 2015; Barone et al., 2017), their subtlety often renders them unnoticed during clinical consultations (Chaudhuri et al., 2010). This oversight stems from both patient unawareness of their association with PD and the diverse, elusive forms they may assume during onset, highlighting the imperative of recognizing and embracing the diversity inherent in the PD experience.



3 Family and sporadic PD

Approximately 15% of patients living with PD have a family history of the disease (Deng et al., 2018). Familial PD, also known as Mendelian or monogenic PD, is typically investigated when there is a high risk of developing the condition due to rare parental variants (Luth et al., 2014). The relative risk (RR) of having a first-degree relative with PD, compared to not having a first-degree relative with PD, ranged between 1.6 and 10.4 (Wirdefeldt et al., 2011). There is a stronger familial aggregation of early-onset PD compared to late-onset PD (Payami et al., 2002; Marder et al., 2003; Korchounov et al., 2004). Familial PD, in addition, has been reported to exhibit less cognitive impairment and a slower progression of dementia compared to sporadic PD (Dujardin et al., 2001; Inzelberg et al., 2004).

The sporadic form accounts for the majority of PD cases, and age remains the greatest risk factor for its development (Malpartida et al., 2021). However, it is worth noting that almost all cases of PD are likely to have detectable genetic effects, with the frequency and magnitude of the effects of the specific genetic variants involved varying in individual cases (Luth et al., 2014). However, it is not clear whether these mechanistic and pathological associations of clinical heterogeneity in hereditary PD also apply to sporadic. Certain genetic variants, such as SNCA, LRRK2, and GBA, are considered rare genetic variants with large effect sizes or low-penetrance genetic variants. These variants are known to be risk factors for sporadic diseases (Deleidi and Gasser, 2013; Nalls et al., 2014).

Interestingly, various variants of the same gene may all be associated with PD. For example, autosomal dominant familial PD is often caused by missense SNCA variations (p.A53T, p.G51D, p.A30P, and p.E46K) (Wittke et al., 2021). Conversely, common variants like SNCA rs356168, found in 40% of people of European heritage, have an effect on disease risk that is only slightly elevated (odds ratio ∼1.3) and do not significantly increase family risk (Nalls et al., 2019). Many families with mutations in the SNCA gene share overlapping pathology and clinical features, as evidenced by prominent cortical Lewy body formation and early onset of non-motor symptoms such as autonomic dysfunction and dementia. The early onset, rapid progression, and poor prognosis of these patients suggest that SNCA-associated mechanisms may be drivers of disease severity (Morris et al., 2024). Patients with PRKN mutations and predominantly mitochondrial dysfunction show a restricted pattern of cell loss, largely confined to the substantia nigra striata system, without the extensive pathological and non-motor features found in typical sporadic PD (Morris et al., 2024). Mutations in 11 genes associated with PD (SNCA, PINK1, PRKN, DJ1, ATP13A2, PLA2G6, FBXO7, LRRK2, CHCHD2, VPS35, and VPS13C) influence mitochondrial energy generation, reactive oxygen species production, mitochondrial biogenesis, and quality control, according to genetic research (Li et al., 2021). The utilization of high and low-risk alleles to distinguish between familial and sporadic diseases may have significant implications for clinical diagnosis, prognosis, and the advancement of genetic research (Luth et al., 2014). The biological mechanisms and therapeutic strategies may be highly relevant in individuals with a common genetic background. However, since PD is impacted by a variety of intricate elements, including environment and age, familial and sporadic PD are also subtypes that are targets for precision medicine.



4 Pathophysiology

Targeted gene-based therapies rely on genetic diagnosis, and valid serological biomarkers. Once a specific gene is involved in the pathological process, it is essential to identify characteristic blood disease markers for personalized treatment. For example, a study identified potential blood markers of PD through an integrated analysis of gene expression and DNA methylation data. This study confirmed the importance of these markers for the early identification, diagnosis, and treatment of PD (Wang et al., 2019).

Disease phenotypes are diverse, and the exact etiology has yet to be known. These processes may involve endosomal-lysosomal malfunction, inflammatory signaling, intracellular trafficking, dysregulation of mitochondrial homeostasis, and compromised systems linked to cell death mechanisms (Bandres-Ciga et al., 2020). As cellular processing is dynamic, neurodegeneration occurs in response to prolonged injury or stress, and various compensatory mechanisms are at work. Therefore, it is not possible to identify these pathways as acting independently or as a single pathway of neuronal death (Jankovic and Tan, 2020). The more likely scenario is that various pathophysiological processes intersect with each other to create a cascade of irreversible cellular damage that ultimately leads to disease (Jankovic and Tan, 2020). Each known pathological process is gradually being targeted for the treatment of diseases.


4.1 α-synuclein

The syndrome manifests itself as a result of progressive neuronal degeneration and increased abnormal α-synuclein protein (O'Keeffe and Sullivan, 2018). A-synuclein is a small 140-amino acid protein divided into three distinct regions: the N-terminal amphipathic region, the central hydrophobic region, and the C-terminal domain (Bayer et al., 1999; Giasson et al., 2001; Luth et al., 2014). The role of α-synuclein in the pathogenesis of PD has been controversial (Kalaitzakis et al., 2008). One hypothesis suggests that α-synuclein exists as a disordered protein or an unstructured monomer (Beyer, 2007; Fauvet et al., 2012; Bender et al., 2013). Others suggest that α-synuclein may exist as a tetramer and that it may destabilize the tetramer, resulting in a monomer (Jensen et al., 2011; Dettmer et al., 2013). Its physiological role is believed to be important for the aggregation of synaptic vesicles, efflux, and recycling through lectin-mediated endocytosis (Bayir et al., 2009; Dettmer et al., 2013; Burré et al., 2018). A-synuclein is implicated in several processes, including neurotransmission, lysosomal dysfunction, mitochondrial dysfunction, and activation of the neuroimmune response (Burré et al., 2018; Ye et al., 2023). It aggregates to create protein inclusions inside the Lewy bodies and Lewy neurites. Lewy’s lesions are assumed to progress in the following manner: they are believed to start in the caudal brainstem or the olfactory bulb, and move via the limbic areas, upper brainstem, and neocortex (Braak et al., 2002). The development of PD’s clinical phenotype is tightly linked to this pattern.

A-synuclein protein is widely regarded as an essential component in the pathogenesis of PD, and several pathogenic genes can influence the aggregation of α-synuclein protein, hence contributing to the development of PD (Ye et al., 2023). Apart from SNCA, PD is also caused by other genes including GBA, LRRK2, and MAPT, which interfere with the regular functioning of α-synuclein proteins. Mutations in LRRK2 might potentially intensify the harmful consequences of α-synuclein proteins by impacting the autophagy-lysosome system, mitochondrial operations, phosphorylation of RAB protein, or interactions between 14 and 3-3 proteins (Cresto et al., 2019). GBA genes regulate the activity of β-glucocerebrosidase, which modifies glycosphingolipid balance and causes pathological alterations including aberrant α-synuclein aggregation (Vijiaratnam et al., 2021).

In vitro testing of proteins that act as biomarkers for PD improves the accuracy of early diagnosis of the disease, clarifies subtypes and accelerates clinical trials. Recent studies have shown that seeded amplification assays (SAAs) are capable of detecting αSyn-related aggregates in brain homogenates (BHs) and cerebrospinal fluid sample (Majbour et al., 2022). Real-time shock-induced conversion (RT-QuIC) and protein misfolding cyclic amplification are both SAA (Shahnawaz et al., 2020; Orrù et al., 2021; Mammana et al., 2024). A meta-analysis demonstrated its ability to accurately and reliably diagnose Lewy body diseases such as PD (Wang et al., 2022). Studies have shown that α-synuclein-specific analyses performed in cerebrospinal fluid (CSF) can differentiate patients with PD from healthy controls with a high degree of sensitivity and specificity (Siderowf et al., 2023).

It has long been known that α-synuclein plays a key role in PD therapy options. Targets may be divided into three categories: directly targeting α-synuclein itself; upstream variables that may cause pathological α-synuclein alterations; or downstream pathways linked to the spread of pathogenic α-synuclein changes or potentially stimulating neural compensatory responses (Vijiaratnam et al., 2021). These findings laid the groundwork for comprehending the disease’s pathophysiology and its treatment goals, which are mainly enhancing clearance and preventing aggregation. Clinical trials are presently being conducted on a number of these tactics (Jankovic and Tan, 2020; Vijiaratnam et al., 2021). Many of the relevant therapeutic approaches will be detailed below in the presentation of the SNCA gene.



4.2 Lysosome

The lysosome can act as a regulatory hub for homeostasis through endocytosis, phagocytosis, or autophagy (Ballabio and Bonifacino, 2020; Ye et al., 2023). It can also exchange content and information and establish membrane contact sites to communicate with other cellular structures (Ballabio and Bonifacino, 2020). Remarkably, lysosomes are closely related to α-synuclein in the pathogenic process of PD (Nguyen et al., 2019; Ye et al., 2023). In the abnormal state, autophagy-lysosomes hinder the clearance of αSyn and facilitate its aggregation, pathological spread, and cytotoxicity. Conversely, toxic αSyn species disrupt the biogenesis and function of lysosomes. This is a positive feedback loop that eventually leads to the abnormal death of dopaminergic neurons and the onset of PD (Horowitz et al., 2022). Many genes related to PD play a role in encoding proteins that are associated with lysosomes. These proteins include lysosomal membrane proteins (e.g., TMEM175), lysosomal enzymes (e.g., GBA), and regulators of endosomal-lysosomal trafficking (e.g., LRRK2, VPS35).



4.3 Mitochondria

Under normal physiological conditions, mitochondria are the most important organelles that provide energy to neurons. Mitochondrial dysfunction is strongly associated with both sporadic and familial PD (Rocha et al., 2018). Abnormal mitochondrial dynamics, biogenetic damage, complex I inhibition of the electron transport chain (ETC), and increased reactive oxygen species (ROS) are particularly noteworthy (Winklhofer and Haass, 2010; Ryan et al., 2015). Mitochondria produce ATP through oxidative phosphorylation (OXPHOS), which consists of an electron transport chain (ETC) and ATP synthase. Supplying carbon fuels to the tricarboxylic acid cycle (TCA) produces electron donors NADH and FADH2, which provide electrons for mitochondrial complexes I-V (MCI-MCV). These complexes are transmembrane proteins located in the inner mitochondrial membrane (Subramaniam and Chesselet, 2013; Greene et al., 2022). Intracellular reactive oxygen species mainly originate from mitochondrial complex I (MCI) and mitochondrial complex III (MCIII) of the electron transport chain (ETC). Abnormalities in the ETC not only result in the loss of mitochondrial biological functions but also cause oxidative stress and increase the susceptibility of neurons to excitotoxic damage, ultimately leading to PD (Zuo and Motherwell, 2013).

Mitochondrial homeostasis is connected to the majority of genes linked to PD, including SNCA (PARK1/4), PRKN (PARK2), PINK1 (PARK6), DJ-1 (PARK7), LRRK2 (PARK8), ATP13A2 (PARK9), PLA2G6 (PARK14), FBXO7, VPS35, CHCHD2, and VPS13C (Monzio Compagnoni et al., 2020; Toffoli et al., 2020). Through a variety of processes, including mitochondrial morphology, quality control, biogenesis (fission/fragmentation), and processes like the electron transport chain (ETC) and reactive oxygen species (ROS) release, these genes contribute to the maintenance of mitochondrial homeostasis (Li et al., 2021). Due to the unique structure of α-synuclein, it has an affinity for the mitochondrial membrane and tends to accumulate there (Subramaniam and Chesselet, 2013). Once this occurs, it will also contribute to abnormal mitochondrial function. The fundamental process of the reciprocal association between α-synuclein and mitochondrial dysfunction could offer fresh perspectives on the etiology of PD and potential avenues for treatment (Rocha et al., 2018). The proteins encoded by PRKN, PINK1, DJ-1, LRRK2, and FBXO7 are closely related to α-synuclein (Li et al., 2021). Excessive α-synuclein accumulation is caused by mutations in LRRK2, ATP13A2, PLA2G6, VPS35, CHCHD2, and VPS13C. α-synuclein is closely related to proteins encoded by PRKN, PINK1, DJ-1, LRRK2, and FBXO7 (Li et al., 2021). Mutations in ATP13A2, LRRK2, VPS13C, VPS35, CHCHD2, and PLA2G6 cause an increase in the buildup of α-synuclein (Li et al., 2021).

With the growing understanding of mitochondrial homeostasis and the role of mitochondrial damage in PD, several potential therapeutic approaches have been increasingly validated. Small molecule activators of parkin and PINK1 may be one of these therapeutic targets (Malpartida et al., 2021). Currently, kinetin triphosphate (KTP) and other small molecules act as activators of PINK1 by directly expressing highly soluble and cell-permeable recombinant Parkinson’s proteins. This approach aims to protect neurons from toxins and α-synuclein damage, while also exploring the potential of bioavailable KTP precursors (Hertz et al., 2013; Lambourne and Mehellou, 2018; Chung et al., 2020). Moreover, several deubiquitinases (DUBs), including USP30, USP8, USP14, USP15, and USP35, regulate mitosis by antagonizing parkin activity. Therefore, inhibitors targeting these DUBs may be a promising area of research (Durcan et al., 2014; Chakraborty et al., 2018; Harper et al., 2018; Teyra et al., 2019). In addition, several studies have shown that LRRK2 kinase inhibitors, nicotinamide riboside, and the repositionable drug ursodeoxycholic acid can correct or enhance mitochondrial function (Schöndorf et al., 2018; Bonello et al., 2019; Carling et al., 2020; Wauters et al., 2020).



4.4 Neuroinflammation

Although it is uncertain whether neuroinflammation promotes or prevents neurodegeneration, there is sufficient evidence to prove that immune factors play an important role in the pathogenesis of PD. Cellular and humoral immunity can mediate the immune response, and significantly elevated levels of complement, cytokines (such as IL-1, IL-2, IL-6, and TNF), NO, and reactive oxygen species (ROS) have been observed in the substantia nigra and cerebrospinal fluid (CSF) of patients with PD (Liu et al., 2003). Among them, brain immune cells, especially microglia, play a crucial role in driving the disease process. Microglia activation is often discussed as a double-edged sword for tissue homeostasis. On one hand, microglia activation is required to remove apoptotic debris from dopamine neurons. However, on the other hand, it results in the excessive production of ROS, cytokines, and chemokines due to the direct stimulation of α-synuclein and indirect inflammatory signals. A-synuclein-induced microglia activation generates a burden of reactive oxygen species (ROS) that is particularly harmful to dopamine neurons. This effect is exacerbated in neurons that already have mitochondrial dysfunction, and it may contribute to either dopamine neuron dysfunction or cell death. Autoantibodies against antigens associated with the pathogenesis of PD have been identified in several studies. This confirms that immune factors can be the cause of PD development, not just the process. Triggers of the neuroinflammatory response, as part of the pathological process of a disease, may include protein aggregates (such as α-syn and amyloid β), dysregulation of inflammatory pathways (associated with aging or genetic susceptibility), and pathogens (bacterial or viral infections) (Deleidi and Gasser, 2013).

The expression of numerous genes implicated in PD is not exclusive to neurons but is also highly expressed in the immune system (Allen et al., 1997; Hakimi et al., 2011; Deleidi and Gasser, 2013; Guilhem de Lataillade et al., 2023). Some of the genes that regulate immune function by encoding proteins include LRRK2, SNCA, DJ1, GBA, PRKN, and PINK1 (Magistrelli et al., 2022; Tansey et al., 2022). Not only can LRRK2 and GBA directly influence the inflammatory process by being highly expressed in immune cells, but they can also trigger an inflammatory response due to their roles in autophagy and lysosomal function (Orenstein et al., 2013). Anti-inflammatory medications do not offer neuroprotection in the latter stages of PD, even though inflammation plays a major role in the onset and progression of the disease (Aisen et al., 2003; Cudkowicz et al., 2006). In addition, the lack of disease biomarkers has impeded research on anti-inflammatory medications at the prodromal stage of the illness (Deleidi and Gasser, 2013). Although immunomodulatory drugs have not been rigorously demonstrated in clinical pilot studies, immunomodulatory interventions have shown some superiority when used in combination with other neuroprotective agents. For instance, minocycline has been evaluated in PD patients and experimental models, exhibiting its anti-inflammatory and neuroprotective qualities (Plane et al., 2010). Since genes related to PD play a significant role in the inflammatory response process, there is also great potential for studying precision therapeutic genes involved in inflammatory pathways for the treatment of PD (Deleidi and Gasser, 2013).




5 Genetics

Our understanding of the genetic origins and risk variations of PD is rapidly advancing due to recent advancements in high-throughput genomic analysis and bioinformatics. We need to answer not only how genes affect disease mechanisms, but also how disease-associated genetic variants affect genes (Ye et al., 2023). Ninety independent variations in 78 genomic areas associated with PD have been identified via a meta-analysis of genome-wide association studies (GWAS). However, little is known about the processes by which these variants affect the development of PD (Farrow et al., 2022). For PD, autosomal dominant, recessive, and non-Mendelian types are thought to represent the main inheritance patterns. Thus far, autosomal dominant genes for PD have been discovered as SNCA, Leucine-Rich Repeat Kinase 2 (LRRK2), Vacuolar protein sorting-35 (VPS35), and eukaryotic translation initiation factor 4γ (EIF4G1). The genes linked to autosomal recessive PD include Parkin (PARK2), PTEN-induced kinase (PINK1), Daisuke-Junko-1 (PARK7), phospholipase A2, group VI (PLA2G6), F-box only protein 7 (FBXO7), and spastic paraplegia 11 (SPG11). Moreover, the inclusion of some non-Mendelian loci and disorders that do not follow the classic pattern of PD remains somewhat unclear. PD with a Mendelian, monogenic variant affects about 5–10% of PD patients (Deng et al., 2018; Chan, 2022). Mutations in genes such as SNCA, PRKN, PINK1, DJ-1, LRRK2, and VPS35 have been found to cause the deletion of dopamine (DA) neurons (Li et al., 2021). A genome-wide association study (GWAS) confirmed several known pathogenic genes related to PD, including SNCA, GBA1, LRRK2, and MAPT (Chang et al., 2017). Table 2 lists the mutations linked to monogenic forms of PD, but excludes loci without known causal genes. Much progress has been made in understanding the relationship between genetic variables and diseases, as well as in linking genes and pathways in Mendelian and non-Mendelian disorders (Lubbe and Morris, 2014). Directly targeting proteins affected by single-gene mutations in PD provides a strategy for expanding treatment to patients with genetic connections.



TABLE 2 Parkin Genes of PD.
[image: Table listing mutations associated with Parkinson's disease, detailing gene names, chromosomal positions, inheritance patterns, and pathologies. Major manifestations and references are provided for each mutation. Notable genes include SNCA, PRKN, and LRRK2. Pathologies such as Lewy bodies and tau pathology are highlighted, with manifestations like early onset and cognitive impairments. References are cited for each mutation.]


5.1 SNCA (PARK1)

SNCA (NG_011851), the α-synuclein gene, its mutations, locus multiplication, promoter polymorphisms, and rare missense mutations are closely related to syndromes, particularly motor symptoms and cognitive decline (Shulman et al., 2011). SNCA genomic triplication has been reported to cause autosomal-dominant early-onset PD with dementia (Chartier-Harlin et al., 2004; Farrer et al., 2004). The missense mutations A30P, E46K, and A53T in the N-terminal region of the α-synuclein protein are associated with familial PD (Table 3; Chartier-Harlin et al., 2004). Significant loss of hippocampal CA2/3 neurons was found in brains with SNCA missense mutations (Waters and Miller, 1994; Muenter et al., 1998; Gwinn-Hardy et al., 2000; Spira et al., 2001). Dementia may result from a single gene over-replication of SNCA, which may be linked to the start, course, and severity of PD (Chartier-Harlin et al., 2004). Genetic research has demonstrated that idiopathic PD is associated with genetic diversity within the α-synuclein promoter (Farrer et al., 2001). Therefore, reducing the production of α-synuclein, inhibiting its aggregation, and increasing its clearance may be a very promising therapeutic approach.



TABLE 3 Variants of SNCA.
[image: A table with headers: "Variant and amino acid sequence," "Inheritance pattern," "Age of onset," "Pathology," "Major manifestations," and "References." It details genetic variants linked to Parkinson's disease, their inheritance, age of onset, associated pathology, clinical features, and literature references. Variants include c.G188A p.E46K, c.G209A p.A53T, c.G88C p.A30P, and c.C152A p.G51D. Pathologies include Lewy bodies and a-synuclein inclusions. Manifestations involve motor symptoms, cognitive impairment, and responses to levodopa. References are provided for each variant.]

There have been many attempts at therapies targeting SNCA. First of all, RNA interference (RNAi) technologies are intended for the targeted suppression of α-synuclein synthesis before its polymerization (Toffoli et al., 2020). When short hairpins and small interfering RNA (siRNA) were injected into the striatum and hippocampus of mouse and primate models, the production of α-synuclein was reduced even after three weeks. This demonstrates the potential therapeutic impact of RNA-based therapy on α-synuclein-associated diseases (Sapru et al., 2006; Lewis et al., 2008; McCormack et al., 2010). Alternatively, the use of β2-adrenergic receptor (β2AR) agonists, which regulate gene transcription through histone 3 lysine 27 acetylation, reduces the transcription of the α-synuclein gene (Mittal et al., 2017; Gronich et al., 2018).

Neurotoxicity occurs due to misfolding or aggregation of α-synuclein proteins and the formation of Lewy bodies (Toffoli et al., 2020). A small antibody fragment, known as an antibody endosome, binds to intracellular A-SYN, preventing its oligomerization. This fragment can be delivered either as a protein or a gene (Chatterjee et al., 2018). Despite this, several other therapies, such as the small molecule NPT200-11 and the biological compound NPT088, are currently in early clinical trials to inhibit α-synuclein aggregation (Levenson et al., 2016; Krishnan et al., 2017).

Thirdly, increased α-synuclein clearance can be achieved through immunotherapy and activation of autophagic pathways (Toffoli et al., 2020). The two forms of anti-α-synuclein immunotherapy used in clinical programs include passive immunization, which involves the use of specific antibodies against α-synuclein, and active immunization, which involves the injection of modified α-synuclein to stimulate the production of endogenous antibodies (Toffoli et al., 2020). In particular, there is a growing number of active and passive immunization methods being developed. Humanized IgG1 monoclonal antibodies such as ABBV-0805, RO7046015/PRX002, and BIIB-054 are a few examples (McFarthing and Simuni, 2019; Zella et al., 2019). Several obstacles exist when using immunotherapy to increase A-SYN degradation, including the possibility of off-target reactions, the requirement for frequent administration, the absence of an immune response to active treatments, and the lack of certainty about whether the restricted antibody penetration into the central nervous system (CNS) is sufficient for meaningful A-SYN elimination (Lindström et al., 2014). Autophagy has been recognized as one of the major pathways for degrading intracellular A-SYN aggregates (Xilouri et al., 2016). The neuroprotective effects of the autophagy enhancers rapamycin and lithium are currently being investigated for their ability to reduce A-SYN aggregates (Webb et al., 2003; Crews et al., 2010; Decressac et al., 2013; Forlenza et al., 2014). However, neither lithium nor rapamycin are appropriate for long-term, high-dose usage since they both have adverse effects, lack specificity, and interact with several cellular processes (Toffoli et al., 2020). Interestingly, the inhibitor of the mitochondrial pyruvate carrier (MPC), MSDC-0160, and an anti-cancer drug called Nilotinib, act as therapeutic approaches to reduce protein aggregation (Ghosh et al., 2016). Finally, it is worth noting that the mechanisms of SNCA pathogenesis are still under debate. Therefore, large-sample, high-quality clinical and preclinical trials will continue to be the main focus of future research.



5.2 LRRK2 (PARK8)

Unlike SNCA, measures of LRRK2 expression do not affect the disease phenotype (Lesage and Brice, 2009). LRRK2 is one of the genes associated with autosomal dominant PD and belongs to the ROCO family of proteins. It consists of five major functional domains: the Roc structural domain (Ras in complex proteins), the leucine-rich repeat sequence (LRR), the COR structural domain (located at the C-terminus of the Roc), the WD40 structural domain, and the TyrKc structural domain (catalyzed by tyrosine kinases) (Bosgraaf and Van Haastert, 2003; Zimprich et al., 2004). Some early studies have shown that PD caused by LRRK2 mutations is difficult to distinguish from sporadic and idiopathic PD (Adams et al., 2005; Ross et al., 2006). When compared to patients with idiopathic PD, the most prevalent cause of autosomal-dominant PD (Gly2019Ser in LRRK2) was linked to a decreased likelihood of cognitive impairment and olfactory hyposmia (Healy et al., 2008). There are additional LRRK2 variants that significantly alter the risk of PD (Table 4). The motor phenotype of LRRK2 PD is thought to progress slowly (Healy et al., 2008). However, a previous series of studies revealed differences in the non-motor symptoms between individuals with PD who carry the LRRK2 mutation and those who do not. Some studies suggest that Parkinson’s disease (PD) related to LRRK2 may exhibit milder cognitive symptoms (Aasly et al., 2005; Lesage et al., 2005; Healy et al., 2008; Ben Sassi et al., 2012; Srivatsal et al., 2015). According to other research, there is no difference in Minimum Mental State Examination (MMSE) scores between those with and without Parkinson’s disease (PD) who carry the LRRK2 mutation (Belarbi et al., 2010; Alcalay et al., 2010a; Shanker et al., 2011; Ben Sassi et al., 2012; Trinh et al., 2014). Regarding the milder cognitive symptoms found in LRRK2 mutations, a study suggests that it may be related to the prevalence of Lewy body-negative cases in LRRK2 cohorts (Srivatsal et al., 2015).



TABLE 4 Variants of LRRK2.
[image: A table displaying genetic variants with columns for variant and amino acid sequence, inheritance pattern, age of onset, pathology, major manifestations, and references. It details various mutations, their patterns (such as sporadic or familial), effects on kinase activity, associated conditions like cognitive impairment, and references from multiple studies.]

The pathogenicity of LRRK2 may be related to the GTPase and kinase activities of the gene’s protein (Toffoli et al., 2020). Abnormally elevated intracellular and extracellular LRRK2 protein kinase activities are strongly associated with PD pathogenesis (West et al., 2005; Sheng et al., 2012). Efforts to reverse this pathological process have primarily focused on reducing kinase activity through the use of kinase inhibitors. Studies have ranged from non-selective kinase inhibitors that are unable to cross the blood–brain barrier to a new generation of selective LRRK2 inhibitors that can cross the blood–brain barrier, such as HG10-102-01 (Choi et al., 2012), JH-II-127 (Hatcher et al., 2015), and TAE684 (Zhang et al., 2012). Subsequently, MLi-2 (Fell et al., 2015; Scott et al., 2017) and PFE360 (Andersen et al., 2018) were developed, which demonstrated excellent performance in terms of inhibiting LRRK2 kinase activity, selectivity, pharmacokinetics, and safety. Several preclinical and clinical studies have been conducted progressively on this basis (Choi et al., 2012; Zhang et al., 2012; Fell et al., 2015; Hatcher et al., 2015; Scott et al., 2017; Andersen et al., 2018). Denali Therapeutics demonstrated that the inhibitor may act on the lysosomal pathway of PD by testing DNL201 and BIIB122 in both healthy volunteers and patients with PD (Jennings et al., 2022, 2023). Although the LRRK2 gene pathways appear promising for the precise treatment of PD, several challenges still exist, such as toxicity and the absence of specific biomarkers. If people with sporadic PD share the same processes or whether these prospective therapies may be more broadly applicable are still unclear issues (Di Maio et al., 2018).



5.3 MAPT

It is well known that protein aggregation and inclusion formation are facilitated by the microtubule-associated protein tau (MAPT). PD autosomal dominant variants have been associated with mutations in MAPT (Simón-Sánchez et al., 2009). Numerous investigations have revealed a strong correlation between cognitive impairment in PD patients and the advancement of dementia and mutations in the MAPT gene (Goris et al., 2007; Williams-Gray et al., 2009). In contrast, the strong correlation between MAPT and cognitive decline was found to be highly dependent on age (Goris et al., 2007; Williams-Gray et al., 2009). Notably, MAPT and SNCA have synergistic effects in the pathogenesis of PD (Goris et al., 2007; Clarimón et al., 2009; Williams-Gray et al., 2009; Setó-Salvia et al., 2011; Morley et al., 2012; Nombela et al., 2014; Winder-Rhodes et al., 2015; Paul et al., 2016). However, due to the polymorphism of MAPT loci and its genetic imbalance, the mechanism by which MAPT causes PD is still unclear.

Notably, Roberto et al. demonstrated that reduced levels of MAPT-AS1 and the presence of the MAPT H1 haplotype may combine to cause high tau-IRES activity and increase the risk of PD by disrupting tau protein homeostasis (Simone et al., 2021). Therefore, reversing this pathological change may be the key to targeting the MAPK pathway for future therapeutic purposes.



5.4 GBA

Mutations in the glucocerebrosidase (GBA) gene have been identified as risk factors for PD, with Lewy bodies being implicated in the pathogenic processes of these mutations (Clark et al., 2009; Neumann et al., 2009; Sidransky et al., 2009; Alcalay et al., 2012; Smith and Schapira, 2022). It is now well-established that GBA mutations occur in both familial and sporadic PD (Winder-Rhodes et al., 2013). The most prevalent single mutation linked to sporadic PD is GBA heterozygous mutations, which are five times higher in PD patients than in the general population (Sidransky et al., 2009). The risk of PD is modified by several frequent GBA mutations (Table 5). Non-motor symptoms, a more severe clinical history, and an early onset are typical features of GBA mutation-associated PD. It primarily leads to cognitive impairment or dementia (Clark et al., 2007; Gan-Or et al., 2008; Mitsui et al., 2009; Alcalay et al., 2010b, 2012; Chahine et al., 2013; Oeda et al., 2015; Mata et al., 2016). In the meanwhile, a research revealed that compared to controls, PD patients with GBA mutations experienced a faster progression of motor symptoms (Brockmann et al., 2015). Individuals with PD who have GBA mutations respond well to levodopa and do not develop progressively severe motor impairments during the course of the disease (Setó-Salvia et al., 2012). One study, which explores the various non-motor characteristics in patients with GBA-PD, suggests that the severity of the GBA variant may be responsible for different phenotypic features. Therefore, it may be essential to stratify patients with PD based on the severity of the GBA variant to select appropriate treatments (Ren et al., 2022).



TABLE 5 Variants of GBA.
[image: Table listing genetic variants associated with Lewy bodies, showing nucleotide and amino acid changes, inheritance patterns, age of onset, pathology, major manifestations, and references. All variants have sporadic inheritance and are linked to dementia. References for each variant are from Clark et al. (2007).]

Mechanisms of GBA gene mutations associated with PD lesions may include α-synuclein protein deposition, mitochondrial dysfunction, and inhibition of autophagy. Genetic variation of the GBA gene, which encodes the lysosomal enzyme β-glucosylceramide (GCase), has been associated with PD (Sidransky et al., 2009). β-glucocerebrosidase is synthesized, folded, and delivered to the lysosomes under normal conditions. Nevertheless, the endoplasmic reticulum retains the mutant β-glucocerebrosidase, which causes abnormal vesicular trafficking, a reduction in lysosomal concentration, and α-synuclein aggregation (Do et al., 2019; Vijiaratnam et al., 2021). Based on the expression of the GBA gene product, several therapeutic approaches have been attempted, including Enzyme Replacement Therapy (ERT), which involves regular infusions of GCase (Stojkovska et al., 2018). Though not very successful, other approaches have been investigated, including chaperoning GCase to the lysosome, substrate reduction treatment, and using viral vectors to insert wild-type GBA1 alleles into the genomes of GBA1 mutation carriers (Morabito et al., 2017). Apart from these endeavors, there exists an additional conjecture. When a misfolded GCase protein is unable to be refolded by ER chaperones, it experiences ER-associated degradation (ERAD). The unfolded GCase proteins are then redirected to the proteasome for degradation, which promotes ER stress and activates the unfolded protein response (UPR) (Gegg et al., 2022). Misfolded GCase proteins will block CMA, and the activated Unfolded Protein Response (UPR) will disturb intracellular calcium homeostasis. All of these factors will speed up the progression of PD (Schöndorf et al., 2014; Kilpatrick et al., 2016; Kuo et al., 2022). Therefore, therapeutic strategies aimed at stabilizing and refolding misfolded GCase proteins, thereby relieving ER stress, maybe another attractive option for the treatment of PD (Menozzi et al., 2023). Nevertheless, the pathological mechanisms of GBA-mutant PD are still unclear, and as a result, no effective treatment has been found to date.




6 Age

Normal aging occurs due to an array of elements that include genomic instability, telomere attrition, loss of proteostasis, epigenetic modifications, mitochondrial dysfunction, cellular senescence, stem cell fatigue, unregulated nutrition sensing, and altered intercellular communication. Precision therapy must therefore take age-related PD into account (Hou et al., 2019). With a median age at onset of 60 years old, age is the most important risk factor for PD (Ascherio and Schwarzschild, 2016; Simon et al., 2020). Age has a substantial effect on PD symptoms, especially when it comes to motor fluctuations and cognitive function. In general, younger patients are more likely to experience significant motor benefits from levodopa therapy (Berg et al., 2021). In contrast, dementia occurs almost exclusively in older patients, and cognitive impairment is more closely related to age than to the duration of the disease (Anang et al., 2014). However, the age-related pathology of PD has not yet been clarified. Some studies suggest age-related dysfunctions in proteostatic mechanisms may lead to α-synuclein folding errors, leading to a diffuse rather than a ‘mitochondrial’ pattern of selective substantia nigra degeneration. New potential targets for intervention in PD may emerge from the significance of age-related DNA damage and repair (Li et al., 2022).



7 Lifestyle and environment

Underlying genetic factors, lifestyle choices, and environmental influences, along with their interactions, play crucial roles as both causative and therapeutic factors in PD at different stages. Exercise, smoking, alcohol consumption, and the consumption of dairy products and coffee are the main lifestyle factors that influence disease (Miyake et al., 2010; Ascherio and Schwarzschild, 2016; Collaborators, 2019). Interestingly, there is considerable evidence that smoking, caffeine consumption, and moderate alcohol consumption reduce the risk of PD by about 50% (Shaltouki et al., 2018; Jankovic and Tan, 2020). A study by Yoshihiro Miyake and his colleagues showed a significant additive interaction between the LRRK2 Gly2385Arg SNP and smoking in relation to the risk of sporadic PD (Miyake et al., 2010). Higher serum urate, history of melanoma, type 2 diabetes mellitus, and head trauma are other reported associations with ibuprofen use (Ascherio and Schwarzschild, 2016). Finally, patients with higher levels of education exhibited superior baseline motor and cognitive functioning in comparison to those with lower levels of education (Lee et al., 2019).

The neuroprotective benefits from different lifestyle decisions in PD are uncertain. Nicotine may have a protective effect on dopaminergic neurons because it stimulates the release of dopamine (Jankovic and Tan, 2020). Caffeine may exert neuroprotective effects by blocking adenosine A2a receptors (Jankovic and Tan, 2020). Uric acid may have neuroprotective properties due to its ability to act as a free radical scavenger. Although research on this topic is still ongoing, various lifestyles interact with each other, and the research methodology makes it difficult to draw definitive conclusions.

Environmental factors can interact with genetic factors, contributing to the diversity observed in Parkinson’s disease. Scientists are finding out that certain genes can make someone more likely to get PD, but the things they are exposed to in their environment can also affect this. Things like pesticides, head injuries, and certain toxins from industries might play a role. Pesticides can specifically affect the substantia nigra and associated brainstem nuclei. This can result in a purely motor phenotype, with dementia appearing later in the disease (Elbaz et al., 2004; Berg et al., 2021). Besides, exposure to environmental pesticides enhances the immune response in individuals carrying the HLA-DR variant and increases the risk of developing the disease by a factor of 2.48 (Kannarkat et al., 2015). In addition to pesticide exposure, water pollutants, heavy metal exposure, noise, rural living, and agricultural occupation, among many others, can affect the onset and development of PD (Ascherio and Schwarzschild, 2016; Collaborators, 2019). While MAPT-related PD is primarily linked to familial PD, environmental influences have less of an impact on its allelic pathogenesis (Hill-Burns et al., 2014). It’s like a puzzle where genes and environment pieces fit together to influence PD. Learning about these interactions helps us understand more about how PD happens and could even help in the future to figure out who might be at higher risk and how to prevent it.



8 Other practice


8.1 Calcium

It is noteworthy that specific groups of neurons, such as those found in the parietal region of the substantia nigra pars compacta, exhibit self-generated pacing and rely on L-type voltage-gated Ca2+ channels (Cav1.3) to facilitate the entry of calcium into the cell (Chan et al., 2007). This increased level of calcium entry is linked to heightened oxidative stress, mitochondrial impairment, and cellular demise (Vijiaratnam et al., 2021). The dihydropyridine channel blocker, isradipine, is sensitive to the central nervous system and blocks Cav1.3 or Cav1.2 L-type channels. It has demonstrated neuroprotecNtive properties in animal models exposed to dopamine toxin (Ilijic et al., 2011). Nonetheless, the results from a Phase III clinical trial were not as promising (Investigators, 2020).



8.2 Iron

One hallmark of PD is iron overload in the substantia nigra compacta area (Dexter et al., 1987). Because iron overload increases mitochondrial oxidative stress, which in turn causes α-synuclein to accumulate and aggregate and neuronal apoptosis, it can lead to neuronal loss (Vijiaratnam et al., 2021). Moreau et al. conducted a related experimental study using iron chelators that showed great potential (Moreau et al., 2018).



8.3 GLP-1

Type 2 diabetes is frequently treated with GLP-1 receptor agonists. Additionally, found in the brain are GLP-1 receptors, and agonists have demonstrated advantages in animal models of both dopaminergic and α-synuclein disorders. Possible explanations for these advantages might involve lower inflammatory responses (Chen et al., 2018) and α-synuclein buildup (Zhang et al., 2019). In an open-label Phase II research, exenatide was found to ameliorate the disease’s cognitive and motor symptoms (Nalls et al., 2019). Moreover, there are more trials underway to investigate the role of GLP-1 receptor agonists in alleviating symptoms of PD.

A growing number of clinical trials targeting specific genes for PD are underway. In addition to searching for therapeutic modalities targeting the causative factor, there is also confirmation of the clinical serendipity in discovering drugs that can alleviate the symptoms of PD through the genetic pathway in reverse. A study investigating the response phenotypes of Parkinson’s drugs, their gene target pathways, and pathological processes reinforces our belief that precision therapy for PD is possible in the future. Zonisamide was first created as an antiepileptic medication, however, it has now been discovered to significantly reduce PD symptoms. Recently, Tatsuhiko et al. discovered that the regulation of glutamate-associated synaptic activity and the p53 gene-mediated protection against the loss of dopaminergic neurons are primarily responsible for the beneficial effects of zonisamide on PD. Additionally, the immune system also plays a role in this process (Naito et al., 2022).

However, further investigation into prodromal and clinical data is necessary. The future remains challenging due to the limited availability of examination methods and the absence of established clinical models. In addition, we cannot ignore the variability caused by geography, which may lead to genetic mutations.




9 Conclusion and future directions

The extensive work of PD genome-wide association studies (PD GWAS) has identified an increasing number of loci associated with an increased risk of the disease. By integrating expression, epigenetic, and genomic association studies, candidate genes for PD are identified (Kia et al., 2021). Understanding the genes and mechanisms behind these loci is crucial for comprehending the pathogenesis of PD. Research on genetics, pathological progress, and symptomatology makes it possible to distinguish between healthy controls and patients via machine learning algorithms or multigene risk scores. Additionally, it may be applied to forecast different patient subgroups, age of onset, genotypes, and clinical patterns (Escott-Price et al., 2015; Nalls et al., 2015, 2019). In the age of machine learning and big datasets, there are a lot of prospects for PD diagnosis and therapy.

Highlighting this, common mechanisms among subtypes have been noted for a long time, further demonstrating the important role of subtypes in the precise treatment of PD and the necessity of multiple pathways converging to trigger disease pathology. Pathological development, genetic progression, and subtyping of PD are important factors in identifying new biomarkers and therapies for the disease. The fact that reassuring therapy is not influenced by environment, lifestyle, ethnicity, or other variables is reassuring. Instead, it is individualized based on genes, pathogenic pathways, and clinical manifestations. In the future, PD may no longer be seen as a single pathological entity but rather as a condition that can be divided into subtypes with varying prognoses and responses to treatment. This division would allow for precision therapy (Berardelli et al., 2013; Figure 4). PD has a diverse phenotype and low heritability. While the underlying disease mechanisms are still being debated, cohorts of deep phenotypes have been developed to collect detailed, fine-grained data. These cohorts will help us study the underlying biological pathways and risk factors in order to identify therapeutic targets for advancing precision medicine (Schalkamp et al., 2022).
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FIGURE 4
 Simplified overview of the known mechanisms leading to neurodegeneration in PD.


It must be recognized that research into precision Parkinson’s therapy, based on existing knowledge of genetics, is currently facing many dilemmas at both the clinical and preclinical stages. These dilemmas include the selection of preclinical models and the failure to recruit appropriate patient subtypes (Vijiaratnam et al., 2021). At the same time, there is insufficient research evidence to explain the interaction between multiple genes related to PD. To achieve this goal, the field should collect cells and tissues longitudinally from individuals with PD who are at genetic and environmental risk, not only those with clinical symptoms. This will allow for comprehensive genetic, transcriptional, and mechanistic analyses (Tansey et al., 2022). This will lead to a deeper understanding of the mechanisms underlying the pathogenesis of the disease, which will facilitate targeted drug research.

No gene, clinical feature, or disease pathway exists in isolation; each is interconnected and not specific to one condition. Disease stratification and typing will demonstrate their superiority in the future when dealing with complex and multifaceted clinical diseases (Chan, 2022). Research on novel genes that cause PD, combined with studies on deficits of α-synuclein, mitochondria, immune system, and lysosomes, will help identify new and overlapping mechanisms of dysfunction. This will enhance our understanding of the disease’s onset and progression. These insights from mechanistic studies and the resulting therapeutic opportunities may also have implications beyond PD.
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Background: The burden on society grows as the number of individuals with cognitive impairment rises. Numerous research have discovered a connection between cognitive impairment and the gut-brain axis, which is useful in examining the pathophysiology of cognitive impairment and potential therapeutic approaches. As a result, this article explores developments and trends in the research concerning the gut-brain axis and cognitive impairment through a bibliometric analysis of the contributions made by various countries/regions, institutions, authors, and journals.
Methods: We looked for articles on gut-brain axis and cognitive impairment from 2014 to 2023 in the Web of Science Core Collection. For the descriptive analysis, figures and tables were taken using GraphPad Prism 6 and WPS Office 2024. For the visual analysis of the countries/regions, institutions, authors, and keywords, VOSviewer was utilized.
Results: We obtained 458 publications from 1 January 2014 to 9 September 2023. The country with the most publications (175, 38.21%) was China. The country with the greatest total number of citations (3,138, 17.22%) was the United States of America. The highest number of articles (15, 3.26%) was issued by Zhejiang University. The most published first author is Karsas M. In this field, Nutrients have published the most articles (24). The most often occurring keywords include “Alzheimer’s disease,” “cognitive impairment,” “gut microbiota,” “inflammation,” “diet,” etc. “Stroke,” “tau,” “probiotics,” “exercise,” “fecal microbiota transplantation,” etc. emerged later.
Conclusion: An increasing amount of research has focused on the connection between cognitive impairment and the gut-brain axis. In this area, the United States of America and China have both made significant contributions. The author team’s collaboration has to be improved. Our study contributes to understanding the field’s current state and predicting its future trend.
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1 Introduction

The typical sign of cognitive impairment is a deterioration in one or more cognitive domains, such as memory, attention, executive function, etc., either subjectively or objectively. It encompasses subjective cognitive decline, mild cognitive impairment (MCI), and dementia. According to a 2022 meta-analysis (1), 15.56% of persons 50 years of age and older who live in the community had MCI worldwide. Compared to other regions, the rates of MCI are higher in the Asia/Pacific and Latin America/Caribbean regions. Region has an impact on the prevalence of MCI. According to an analysis conducted for the global burden of disease research (2), there were 5.74 million cases of dementia in 2019, and 15.28 million cases are predicted to arise by 2050. Different countries and regions have varied growth projections.

The social and economic burden has increased due to the rise in the number of individuals suffering from cognitive impairment. In order to look into potential treatments, a lot of research has been concentrated on the pathophysiology of cognitive impairment. An increasing number of research have demonstrated a connection between the gut-brain axis and cognitive impairment. Individuals with mild cognitive impairment have diverse gut microbes. and it’s linked to executive function and attention (3). Wu et al. (4) discovered that the excretory-secretory products derived from parasites alleviate gut microbiota dysbiosis and enhance cognitive impairment caused by a high-fat diet.

Within the field of library and information science, bibliometry focuses primarily on the quantitative analysis of bibliometric data (5). Bibliometric analysis is the statistical process of analyzing published data (e.g., books, journal articles) and associated metadata (e.g., authors, abstracts, keywords) in an effort to find correlations (6). We used bibliometric analysis to identify research developments on the gut-brain axis’s association with cognitive impairment and to predict potential future trends for this relationship.



2 Materials and methods


2.1 Data sources and search strategies

The Web of Science Core Collection1 is widely acknowledged as one of the most commonly utilized databases for bibliometric analysis. On 10 September 2023, we conducted a search of publications in the Web of Science Core Collection. A combination of keyword searches and Medical Subject Headings (MeSH) searches were used to gather data. In the search bar, type the terms “cognitive impairment” and “gut-brain axis.” We studied a broad range of review literature to extract keywords based on the supplement of MeSH search results. The publication date ranges from 1 January 2014 to 9 September 2023. English is the language used. Table 1 presents the search queries. Only original articles and reviews were allowed in this sort of publication. Figure 1 displays the publishing screening flow chart.



TABLE 1 The search queries.
[image: Table listing search queries and results. Set #3 has 468 results with the query: #1 AND #2, language: English, date range: 2014-01-01 to 2023-09-09. Set #2 has 6,186 results with queries related to axes concerning the gut and brain. Set #1 with 170,869 results involves cognitive dysfunctions and impairments.]

[image: Flowchart depicting a publication selection process. Initially, 468 publications are retrieved from the Web of Science. Seven publications not being articles or review articles are excluded, leaving 461 publications (260 articles and 201 review articles). Further exclusions include one repetitive publication and two publications irrelevant to the topic, resulting in 458 publications included.]

FIGURE 1
 Publication screening flow chart.




2.2 Data collection

We get all relevant publications from the database, including the following details: title, author, author address, source journals, author keywords, keyword plus, number of citations, publication date, and more.



2.3 Bibliometric analysis

To analyze the data, import it into WPS Office 2024, GraphPad Prism 6, and VOSviewer (1.6.19). Two components make up our analysis: 1. Descriptive analysis of publications annually, countries/regions, institutions, journals, authors, and cited references using WPS Office 2024 and GraphPad Prism 6. 2. VOSviewer is a bibliometric analysis tool that uses data from nations/regions, journals, authors, or publications to create and visualize bibliometric networks based on co-authorship, co-citation, and co-occurrence interactions (7). Use VOSviewer to carry out the analysis listed below: (1) The co-authorship analysis of the countries/regions, institutions, and authors. (2) The co-occurrence analysis of all keywords.




3 Results


3.1 Analysis of publications

After retrieving 468 publications, we chose 461 papers that fit the publishing type of original articles and reviews. Out of them, two publications are deemed irrelevant and one is repeated; ultimately, 458 papers fulfilled the study’s standards. 257 reviews make up 56.11% of all publications. Of all the articles, there are 201 original studies (43.89%), all of which were conducted in vivo. Of the original studies, 145 (72.14%) were conducted on animals, while 56 (27.86%) involved humans. The total number of publications indicates a growing trend from 1 January 2014 to 9 September 2023. It grew slowly prior to 2020, but it has developed quickly since then (Figure 2A).

[image: Chart A shows a line graph of the annual number of publications from 2014 to 2023, peaking in 2022. Chart B displays a stacked bar chart of publications by country over the same years, with China and the USA leading. Chart C is a bar graph comparing the number of publications, citations, and average citations per article for various countries, highlighting China's prominence in publications and citations. Chart D is a network visualization showing collaboration links between countries, with China and the USA as central nodes.]

FIGURE 2
 The number of publications about the topic and country/regional cooperation map. (A) The number of publications of the correlation between cognitive impairment and gut-brain axis from 2014 to 2023. (B) The number of publications of the correlation between cognitive impairment and gut-brain axis from the top 10 countries or regions per year. (C) The number of publications, sum of citations (×0.05) and average of citations per article in the top 20 countries or region. (D) The co-authorship chart between countries/regions.




3.2 Analysis of countries/regions

As Figure 2B illustrates, in 2014, research on the connection between cognitive impairment and the gut-brain axis was published only in the United States of America (USA) and Australia. Since 2015, China, Italy, Spain, England, South Africa, India, Canada, and Japan have published articles on related topics. China has published a growing number of publications every year; in 2014, there were none; by 2022, there were 60 publications (13.10%).

In terms of total publications, China ranks first (175, 38.21%), single country publications (146, 31.88%), followed by the USA and Italy (Figure 2C). All articles related to cognitive impairment and the gut-brain axis been cited 18,219 times since 2014. The USA has the highest total number of citations (3,138, 17.22%). By comparing the average number of citations per article, Ireland (115.5) ranks first. In the diagram of co-authorship between countries, the larger the node, the more the total link strength. The USA has the most cooperation with other countries, with a total link strength of 76, followed by England, with a total link strength of 51. The third, fourth, and fifth countries with strong co-authorship are China, Italy, and Spain, with a total link strength of 48, 46, and 33, respectively (Figure 2D).

China leads in both overall publications (175, 38.21%) and single country publications (146, 31.88%), with the USA and Italy following (Figure 2C). Since 2014, 18,219 times have been cited in all publications related to cognitive impairment and the gut-brain axis. With 3,138 citations (17.22%), the USA has the most citations overall. Ireland comes out on top when considering the average amount of citations per article (115.5). The greater the node’s size in the co-authorship diagram between countries/regions (Figure 2D), the stronger the total link. With a total link strength of 76, the USA leads all other countries/regions in collaboration. England comes in second with a total link strength of 51. China, Italy, and Spain, with total link strengths of 48, 46, and 33, respectively, are the third, fourth, and fifth countries with strong co-authorship.



3.3 Analysis of institutions

Zhejiang University has the most publications, as indicated in Figure 3A, with a total of 15, or 3.26% of all publications. Central South University and Capital Medical University follow with 10, 2.17%, and 9, 1.95% of all publications, respectively. The above institutions originate in China. Twelve institutions from China, two from Australia, and six each from Italy, Ireland, Thailand, England, India, and the USA make up the top 20 institutions with the most publications. A co-authorship chart between institutions is displayed in Figure 3B. Zhejiang University in China (37), Capital Medical University in China (29), Consiglio Nazionale delle Ricerche in Italy (25), University of Pittsburgh in the USA (25), University of Naples Federico II in Italy (25), University of Melbourne in Australia (25), King’s College London in England (22), University of California Davis in the United States of America (22), Gazi University in Turkey (21), and Sun Yat-Sen University in China (21) are the top 10 institutions with the highest total link strength.

[image: Two images are presented: Image A is a horizontal bar chart ranking universities by the number of publications, with Zhejiang University leading at over 15 publications. Image B is a network visualization created with VOSviewer, showing clusters of institutions collaborating. Notable mentions include Zhejiang University, University of Melbourne, and King's College London, connected by varying line thickness representing the strength of collaboration.]

FIGURE 3
 The number of publications of the top 20 institutions and institutions cooperation map. (A) The number of publications of the top 20 institutions. (B) The co-authorship chart between institutions.




3.4 Analysis of authors

As shown in Table 2, the top four authors published 13 papers overall with the first author, which representing 2.8% of all publications. With a total of four articles published, Karsas M from the University of Pretoria in South Africa had the most publications. Following him were three individuals who produced three publications as first authors: Bajaj JS in the USA, Zhu GS in China, and Shi HL in China. Stilling RM, an Irish author, had the highest average number of citations per article (441 times; Table 3). The co-authorship of each author is displayed in Figure 4. The authors who have the strongest overall links are Pan W (88), Yang XY (78), Shi HL (74), Yu YH (74), Bajaj JS (46), Cryan JF (44), and Gareau MG (34). While teams of authors within the same country collaborate with each other to some extent, teams within different nations do not collaborate as often.



TABLE 2 The top 4 authors with the most papers published by the first author.
[image: Table displaying rankings of authors based on the number of papers published. Karsas M from South Africa, University of Pretoria, ranks first with four papers. Bajaj JS from the USA, Zhu GS, and Shi HL from China, each have three papers, tying for second place. Institutions are Virginia Commonwealth University, Jiangnan University, and Xuzhou Medical University, respectively.]



TABLE 3 The top 4 authors with the highest average number of citations per paper published by the first author.
[image: A table ranking authors by papers and citations. Rank 1: Stilling RM, Ireland, University College Cork, 1 paper, 441 citations. Rank 2: Houser MC, USA, Emory University, 1 paper, 320 citations. Rank 3: Liu P, China, Zhejiang University, 1 paper, 262 citations. Rank 4: Bonfili L, Italy, University of Camerino, 1 paper, 244 citations. Average citations match total citations for each.]

[image: Network visualization using VOSviewer software, displaying a cluster of interconnected nodes labeled with names. Different colors represent varying connections or groupings, with nodes spread across a circular formation.]

FIGURE 4
 The co-authorship chart between authors.




3.5 Analysis of journals

A total of 176 articles, or 38.4% of the total, were published by the top 20 journals in terms of publications. Figure 5 displays the total number of articles published in the top 20 journals. With 24 articles, Nutrients [impact factor (IF) = 5.9,2022, Q1] has the highest number of publications, followed by 16 related publications from Frontiers in Neuroscience. With 15, 13, and 11 articles published, Frontiers in Aging Neuroscience, Journal of Alzheimer’s Disease, and International Journal of Molecular Sciences were the top 3, 4, and 5 journals, respectively. Microbiome, with 7 publications, had the greatest IF of these 20 journals (IF = 15.5, 2022, Q1).

[image: Horizontal bar chart showing the number of publications across various journals. "Nutrients" leads with 23 publications, followed by "Frontiers in Neuroscience" and "Frontiers in Aging Neuroscience" with 13 each. Other journals have fewer than 10 publications each.]

FIGURE 5
 The number of publications of the top 20 journals.




3.6 Analysis of cited references

Table 4 lists the top 10 papers that have been cited the most. There were at least 181 citations for each of these papers. The paper titled “The neuropharmacology of butyrate: The bread and butter of the microbiota-gut-brain axis?” by Stilling RM et al., published on Neurochemistry International in 2016, received 441 citations overall, making it the most cited paper annually on average (55.13 times). The period covered by these 10 publications was from 2016 to 2020. Alzheimer’s & Dementia, Brain Behavior and Immunity, and Movement Disorders produced three highly referenced articles in 2019.



TABLE 4 The top 10 papers cited most frequently related to cognitive impairment and gut-brain axis.
[image: A table ranks ten articles on microbiota and neurodegenerative diseases by citations. Columns include title, corresponding author, source title, publication year, citations, and average citations per year. The top-ranked article, published in 2016 by Stilling RM and Cryan JF in Neurochemistry International, has 441 citations and an average of 55.13 per year. Other articles cover topics like Alzheimer's and Parkinson's, with publication years ranging from 2016 to 2020. Average citations per year vary from 24.75 to 55.13.]



3.7 Analysis of keywords

We analyzed all of the keywords that were taken out of the publications using VOSviewer. As seen in Figure 6A, keywords are terms found in the author keywords and keyword plus of all articles; terms found more than six times are used to create a visual map. The frequency of keywords appears increases with node size. Three clusters were created out of the keywords: related disease (cluster 1), pathological mechanism (cluster 2), and intervention measure (cluster 3). Within the related disease cluster, the most often occurring keywords were: “cognitive impairment” (195 times), “Alzheimer’s disease” (196 times), “dementia” (57 times), and “aging” (49 times). Within the cluster of pathological mechanism, the following keywords are most often mentioned: “gut microbiota” (322 times), “gut-brain axis” (259 times), “inflammation” (151 times), “fatty acids” (89 times), and “amyloid-beta” (76 times). “Cognition” (74 times), “diet” (71 times), and “probiotics” (66 times) were the most commonly occurring cluster words in the intervention measure. The color of VOSviewer is determined by the average appearing year (AAY) of the keywords, as illustrated in Figure 6B. The sooner the keyword occurs, the closer the blue represents, and the later the keyword appears, the closer the yellow represents. “Irritable bowel syndrome” (AAY = 2018) emerged earlier in the cluster 1, whereas “stroke” (AAY = 2021) occurred later. In cluster 2, tau’s AAY was 2022 while glucagon-like peptide-1’s AAY was 2018. “Neuroprotection” (AAY = 2019) emerged first in cluster 3, while “probiotics” (AAY = 2021), “fecal microbiota transplantation” (AAY = 2021), and “exercise” (AAY = 2021) emerged later.

[image: Network visualization diagrams showing three clusters related to gut microbiota research. Diagram A features clusters: Related disease (green), Pathological mechanism (blue), and Intervention measure (red), interconnected through terms like cognitive impairment, inflammation, and probiotics. Diagram B includes a color gradient indicating publication years from 2020 to 2021.5, with similar clusters and connections. Both diagrams are generated using VOSviewer.]

FIGURE 6
 Keyword co-occurrence chart. (A) Different colors represent different clusters. All keywords were divided into 3 clusters. (B) The average occurrence year of keywords is different and the color is different. The closer the blue is, the earlier the keywords appear, and the closer the yellow is, the later the keywords appear.





4 Discussion

We are paying more and more attention to cognitive impairment as its incidence rises around the world. Reducing modifiable risk factors and deepening research into the biological basis of cognitive impairment are predicted to lower the prevalence of cognitive impairment. There is evidence from numerous studies suggesting the gut-brain axis and cognitive impairment are related, and during the past 10 years, there has been a gradual increase in this field of study. Research hotspots and future trends in this field are examined through a bibliometric analysis of the relationship between cognitive impairment and the gut-brain axis.

It is noteworthy that various countries or regions have varying rates of cognitive impairment prevalence. A higher percentage of people with mild cognitive impairment live in East Asia/Pacific or Latin America/Caribbean (1). These regions include China, Japan, Mexico, Brazil, and the USA. While there was an increase in dementia cases in every country, the regions with the greatest increases in terms of percentage change were North Africa, the Middle East, and eastern sub-Saharan Africa (2). The rising prevalence and regional differences have prompted these regions to invest in research on the relationship between cognitive impairment and the gut-brain axis. China is the country with the greatest production in this field, as evidenced by the number of articles it has published about the connection between cognitive impairment and the gut-brain axis. However, China is not as influential as Ireland in this field and its articles are not as frequently cited. Prior to other nations, the USA focused on the connection between cognitive impairment and the gut-brain axis, and the number of studies grew nearly yearly. Afterwards, significant contributions in this area have also been made by China, Italy, Australia, Spain, and England. It was discovered that the USA and England work closely with other nations in the co-authorship among countries/regions. Additionally, China, Italy, and Spain frequently collaborate with other nations.

China has the institutions that have conducted the most study on the connection between cognitive impairment and the gut-brain axis. China’s Zhejiang University, Capital Medical University, and Central South University have all made significant advances in this area. Institutions in close collaboration with other institutions include Zhejiang University in China, Capital Medical University in China, Consiglio Nazionale delle Ricerche in Italy, University of Pittsburgh in the USA, University of Naples Federico II in Italy, and University of Melbourne in Australia. Collaboration promotes the furtherance of research, regardless of whether it is within institutions or between nations.

The most productive author, Karsas M. from South Africa, published the most articles with the first author, and the most influential author, Stilling RM. from Ireland, published the most cited papers with the first author. The lack of collaboration throughout the author teams could be attributed to different research directions or geographic restrictions, thus more has to be done to foster increased teamwork, foster inter-team learning, and foster in-depth research.

Nutrients is the most productive journal on the relationship between cognitive impairment and the gut-brain axis. It focuses mostly on dietetics and nutrition research. This is because the intervention of the gut-brain axis involves dietary factors. Three of the top five journals are on neurology, which are Frontiers in Neuroscience, Frontiers in Aging Neuroscience and Journal of Alzheimers Disease. This is due to the tight connection between disorders of the neurological system and cognitive decline. Microbiome, a journal that focuses mostly on studying the microbial community, has the greatest IF out of the top 20 journals.

Higher influence in this field is associated with more cited papers. “The neuropharmacology of butyrate: The bread and butter of the microbiota-gut-brain axis?” was the most frequently cited article. This study examines how butyrate, a byproduct of gut microbes, affects several facets of human physiology, including the brain and behavior. The research of the gut microbiome’s involvement in neurological disorders linked to cognitive impairment was the subject of the second, third, fourth, eighth, ninth, and tenth most cited papers. The recently released papers should be carefully examined because they are not frequently cited.

The three clusters in the co-occurrence analysis graph of keywords are associated disease, pathological mechanism, and intervention measure. The frequency of occurrence of keywords indicates their concern in the field of the relationship between cognitive impairment and gut-brain axis. In Figure 6A, the focus of intervention measure is relatively small, and the resources invested are relatively small. It is necessary to increase the research on treatment options and look forward to more effective treatment measures. The keywords of pathological mechanism have been published recently, which may be related to the transfer of research in China and the USA to this aspect in the past 10 years. In addition, it may be because researchers have a strong interest in the relationship between intestinal brain axis and cognitive impairment. There are many factors involved in the nervous system, endocrine system, immune system and so on (8). This requires researchers to continue to dig deep and explore deep mechanisms to provide a basis for subsequent treatment.

In the cluster of related disease, Alzheimer’s disease appears the most frequently and is the focus of the study. A neurodegenerative condition, Alzheimer’s disease gradually advances from MCI to severe dementia. According to studies (9, 10) on humans and animals, Alzheimer’s disease may be influenced by the gut-brain axis. The aging population has led to a major increase in attention being paid to age-related cognitive decline. According to research (11), changes in the gut microbiota, increased intestinal permeability, and inflammation may all play significant roles in the development of age-related cognitive decline. In recent years, stroke has been a prominent topic for research. Stroke has gained a lot of attention and is currently a popular study issue. Hammond et al. (12) discovered that butyrate-producing microbiome, secondary bile acid-producing taxa, and equol-producing taxa were much lower in stroke patients, and that modifications to these microbiotas were linked to cognitive impairment following stroke. In addition to neurological diseases, there are other diseases that cause cognitive impairment, such as obesity. Studies have shown that high-fat diet-induced cognitive impairment in mice is associated with intestinal Janus kinase-3 deficiency (13).

Gut microbiota is a major focus in the pathogenic mechanism clustering. Numerous microbial communities, such as bacteria, fungus, and viruses, inhabit our skin, gastrointestinal system, and other tissues. The human intestine contains more than 100 trillion bacteria (14). Eleven distinct phyla make up the human gut microbiota, the most common of which are Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria (15). Changes in the composition of the gut microbiota can be brought about by illness or aging. For example, probiotic bifidobacteria strains have been shown to decrease with age (16). The gut-brain axis facilitates bidirectional communication between the gut and the central nervous system, controlling the immunological, neurological, neuroendocrine, and metabolic systems (8). Key metabolites of the gut microbiota are short-chain fatty acids (17), and a decrease in these fatty acids is linked to a decline in cognitive function (18). Systemic inflammation may result from dysbiosis of the gut microbiota. Pathological characteristics of Alzheimer’s disease include neuroinflammation (19). By identifying pathogens from microbial sources, toll-like receptors start the inflammatory process. Microglia from Alzheimer’s patients have been shown to exhibit toll-like receptors, suggesting a connection between inflammation and the onset of Alzheimer’s disease (20). Toll-like receptor signaling pathways-induced neuroinflammation is linked to age-related cognitive impairment (21). One of the pathological characteristics of Alzheimer’s disease is the buildup of extracellular amyloid-beta in the brain (19, 22). According to research by Sun et al. (22), amyloid-beta deposition may transfer from the gastrointestinal system to the brain and cause cognitive impairment. There has been a shift in research focus toward tau in recent times. One of the pathological characteristics of Alzheimer’s disease is cellular phosphorylation tau tangles (19). The gut microbiota of patients with Alzheimer’s disease-related cognitive impairment is linked to amyloid protein cascade markers like tau plasma phosphorylation (23).

The third cluster intervention measure focuses mostly on diet and cognition. By decreasing inflammation via the gut-brain axis, diet can halt the deterioration of cognition (24, 25). Certain diets, such high-fat diets, can lead to obesity-related cognitive impairment, therefore not all diets are good for you (13). Recent research has shown that supplemental probiotics, fecal microbiota transplantation, and exercise are all hot subjects. Probiotics have been shown in animal studies to modify the gut microbiota, reduce inflammation caused by lipopolysaccharides, change the concentration of neurotransmitters, and enhance cognitive performance (26, 27). A study conducted by Park et al. (28), discovered that fecal microbiota transplantation could postpone dementia patients’ cognitive impairment. Fecal microbiota transplantation has been shown to decrease neuroinflammation and enhance cognitive function in animal trials (29). Exercise can increase the diversity of gut bacteria, decrease intestinal inflammation, decrease intestinal inflammation, improve cognitive function, and alleviate fatigue (30).

There are intersections between these three keyword clusters. Related diseases like Alzheimer’s, stroke, and other neurological conditions, along with aging, obesity, and other factors, all contribute to cognitive impairment. The gut brain axis acts as a bridge between the dysfunction of intestinal flora and the loss in cognitive function that results from these disorders. The pathogenic mechanism includes oxidative stress, neuroinflammation, and other factors. Currently, intestinal flora imbalance can be adjusted and inflammation can be decreased through diet, probiotic supplementation, and other therapy regimens.



5 Limitations

This bibliometric analysis, which is based on VOSviewer, examines the macro link between the gut-brain axis and cognitive decline. However, the finer points, such as the pathophysiological connection between the gut-brain axis and cognition impairment in various disorders, have not been thoroughly examined. Articles published after 9 September 2023, were not included in the analysis.



6 Conclusion

Our bibliometric analysis of the correlation between the gut-brain axis and cognitive impairment revealed an annual rise in research in this area. Greater output in this field is produced in China and the USA. Universities make up the majority of the institutions with the most publications. It is necessary to improve the collaboration between the author’s teams. Focused keywords include Alzheimer’s disease, gut microbiota, and inflammation, etc. Research hotspots include probiotics, fecal microbiota transplantation, exercise, and more. Our research contributes to our understanding of the current state of the field on the relationship between cognitive impairment and the gut-brain axis and forecasts the direction of future studies in this area.
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Background: To evaluate the causal relationship between abdominal multi-organ iron content and PD risk using publicly available genome-wide association study (GWAS) data.
Methods: We conducted MR analysis to assess the effects of iron content in various abdominal organs on PD risk, followed by reverse analysis. Additionally, MVMR analysis evaluated the independent effects of organ-specific iron content on PD. We utilized genetic variation data from the UK Biobank, including liver iron content (n = 32,858), spleen iron content (n = 35,324), and pancreas iron content (n = 25,617), as well as summary-level data for Parkinson’s disease from the FinnGen (n = 218,473) and two other large GWAS datasets of European populations (First dataset n = 480,018; Second dataset n = 2,829). The primary MR analysis used the inverse variance-weighted (IVW) method, confirmed by MR-Egger and weighted median methods. Sensitivity analysis was performed to address potential pleiotropy and heterogeneity. Observational cohort results were validated through replication cohort analysis, followed by meta-analysis.
Results: IVW analysis revealed a causal relationship between increased liver iron content and elevated risk of PD (OR = 1.27; 95% CI: 1.05–1.53; p = 0.015). No significant causal relationship was observed between spleen (OR = 1.00; 95% CI: 0.76–1.32; p = 0.983) and pancreatic (OR = 0.93; 95% CI: 0.72–1.20; p = 0.573) iron content and increased risk of PD. Meta-analysis of GWAS data for PD from three different sources using the random-effects IVW method showed a statistically significant causal relationship between liver iron content and the occurrence of PD (OR = 1.17, 95% CI: 1.01–1.35; p = 0.012).
Conclusion: This study presents evidence from Mendelian randomization (MR) analysis indicating a significant causal link between increased liver iron content and a higher risk of Parkinson’s disease (PD). These findings suggest that interventions targeting body iron metabolism, particularly liver iron levels, may be effective in preventing PD.
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1 Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease globally (Collaborators GBDP, 2018), severely impacting patients’ quality of life. The pathogenesis of PD is multifactorial, potentially involving genetic factors, oxidative stress, and immune dysregulation (Mollenhauer and von Arnim, 2022). Research has shown a notable increase in iron content in the basal ganglia of PD patients, which correlates with symptom severity (Thomas et al., 2020). Conversely, decreased iron levels in the temporal cortex and increased iron deposition in the substantia nigra have also been reported (Mochizuki et al., 2020). Iron is crucial for brain function (Wang et al., 2016), yet its excessive accumulation can lead to oxidative stress and neuronal damage, contributing to neurodegenerative processes (Guan et al., 2017). Therefore, abnormal brain iron deposition is implicated in PD development and progression.

The liver, spleen, and pancreas play crucial roles in iron metabolism in the body. These three organs work closely together to maintain the body’s iron balance and ensure normal physiological function. The liver serves as the primary iron storage and regulator. Hepatocytes store and regulate iron in the body through ferritin and other proteins (Nemeth and Ganz, 2021). Hepatocytes in the liver can release and store iron, dynamically balancing it according to the body’s needs to maintain normal iron levels during metabolism and synthesis processes. The spleen also plays a critical role in iron metabolism. It is responsible for clearing aged red blood cells and recycling iron elements from them (Wang and Babitt, 2016). After the red blood cells in the spleen rupture, iron is released and stored in the spleen, while also undergoing some regulatory iron metabolism processes. The pancreas has multiple functions in body iron metabolism. It not only participates in iron storage and release but also regulates insulin synthesis and secretion. Iron is a necessary component of insulin synthesis, making the pancreas essential for maintaining normal blood sugar levels and energy metabolism (De Domenico et al., 2006). Recent research progress highlights the complex interactions of iron metabolism in the liver, spleen, and pancreas, and the imbalance of iron in these organs may be associated with various diseases such as liver disease, anemia, and metabolic disorders (Soares and Weiss, 2015).

Despite increasing evidence suggesting that abnormal iron metabolism can lead to pathological changes in the nervous system (David et al., 2022), some studies have found a lack of increased iron concentration in patients with early-stage Parkinson’s disease (Bergsland et al., 2019), suggesting that iron deposition is not the initial event of PD. Additionally, previous observational studies cannot explain the role of confounding factors in the disease process, and whether changes in iron content in multiple abdominal organs are directly related to the occurrence of Parkinson’s disease remains unclear. Therefore, it is crucial to directly explore the assumed causal effect of iron content in multiple abdominal organs on Parkinson’s disease, and vice versa. Here, we conducted a Mendelian randomization (MR) study to further evaluate whether liver iron content, spleen iron content, and pancreatic iron content affect the risk of Parkinson’s disease.MR uses single nucleotide polymorphisms (SNPs) as genetic variants, making MR designs highly reliable, avoiding the influence of reverse causality and potential confounding factors in observational studies (Sekula et al., 2016). Therefore, MR is widely used to examine causal relationships between exposures and clinical outcomes (Richmond and Davey Smith, 2022). This study not only contributes to understanding the pathogenesis of Parkinson’s disease related to iron deposition in the body but also provides new important clues for early prevention of Parkinson’s disease, optimizing clinical management strategies for Parkinson’s disease patients.



2 Materials and methods


2.1 Study design

This study employed two-sample Mendelian randomization (MR) analyses to investigate the causal relationship between abdominal multi-organ iron content and Parkinson’s disease (PD). We used genetic variants as instrumental variables (IVs) for exposures (iron content in liver, spleen, and pancreas) and outcomes (PD risk). To ensure the reliability of MR results, MR analysis needs to meet three main assumptions (Boef et al., 2015): (1) IVs are strongly associated with exposure; (2) IVs are not linked to confounders; (3) IVs influence the outcome only through the exposure. We utilized datasets entirely based on European populations to reduce selection bias due to different ethnicities and thereby enhance the robustness of the analysis. This study fully utilized publicly available GWAS data, thus no specific ethical approval was required for this study. All details regarding ethical approvals for each study and participant informed consent in the GWAS datasets can be found in the corresponding records in the original publications. A conceptual MR framework is illustrated in Figure 1.

[image: Diagram illustrating the Mendelian randomization (MR) analysis process. The Forward MR pathway shows SNPs affecting organ iron levels and Parkinson’s disease (PD) with confounders. Reverse MR assesses SNPs' impact on PD and organ iron. SNP filtering steps involve association thresholds and exclusions. Meta-analysis includes discovery and replication cohorts. Heterogeneity and sensitivity evaluations lead to multivariable MR.]

FIGURE 1
 The MR framework of ideation for our study.




2.2 Data source

In this study, we obtained summary data from genome-wide association studies (GWAS) related to iron content in multiple organs from the UK Biobank. This dataset includes 32,858 participants with liver iron content, 25,617 participants with spleen iron content, and 35,324 participants with pancreatic iron content, all of British ancestry. Each of the three exposure datasets contains approximately 9.27 million SNPs.

As for the discovery analysis cohort, Parkinson’s disease GWAS data were obtained from the FinnGen database, utilizing data annotated with strictly defined Parkinson’s disease phenotypes, comprising 1,843 cases and 216,630 controls. The Parkinson’s disease dataset for the analysis cohort was released in 2021. The primary reason for using this version was the lack of updates in GWAS data with phenotypes annotated as strictly defined Parkinson’s disease in the latest version available to us. As for the replication analysis cohort, Parkinson’s disease GWAS data were obtained from two previously published related genome-wide association studies, both conducted on European populations: the first replication sample’s Parkinson’s disease dataset was derived from a GWAS study conducted by Sakaue et al., 2021 including 2,638 cases and 477,380 controls, with approximately 24.91 million SNPs (Sakaue et al., 2021); the second replication sample’s Parkinson’s disease dataset was derived from a GWAS study conducted by Alfradique-Dunham et al., 2021 including 1,570 cases and 1,259 controls, with approximately 12.86 million SNPs (Alfradique-Dunham et al., 2021). The corresponding data compositions are displayed in Table 1.



TABLE 1 Details of the GWASs included in the Mendelian randomization.
[image: Table displaying various datasets with phenotypes, sample sizes, SNP counts, and populations. The datasets include UK Biobank, FinnGen, and GWAS by Sakaue et al. (2021) and Alfradique-Dunham et al. (2021), all using European populations. Phenotypes listed are liver iron, spleen iron, pancreas iron, and PD, with sample sizes ranging from 2,829 to 480,018 and SNP counts from 9,275,407 to 24,194,622.]



2.3 Single nucleotide polymorphism selection

Firstly, liver iron content, spleen iron content, and pancreatic iron content were each considered as exposures, and SNPs with genome-wide significance threshold (p < 5 × 10−6) were selected as instrumental variables to investigate their impact on prognosis. To ensure that the selected instrumental variables were independent, SNPs with linkage disequilibrium (r2 > 0.01, kb < 10,000) were removed. Additionally, SNPs with inconsistent alleles and those with ambiguous strand palindromes were excluded. To prevent bias from weak instrumental variables, the strength of the selected SNPs was measured using the F-statistic, with an F-statistic greater than 10 indicating a strong instrument (Georgakis et al., 2019). In this study, the calculation formula for the F-statistic is: F-statistic = R2 × (N – 2)/(1 – R2), where R2 = 2 × EAF × (1 – EAF) × β2. We found that the statistical range of all SNPs exceeded 30, indicating that they were strong instruments for MR analysis. SNPs achieving genome-wide significance (p < 5 × 10−6) in the genome-wide association study (GWAS) were selected to ensure a significant association with the exposures. SNPs with r2 > 0.01 and within 10,000 kb of each other were excluded to ensure the independence of the selected SNPs and to reduce potential collinearity. Additionally, SNPs with inconsistent alleles and ambiguous strand palindromes were excluded to avoid errors or inconsistencies in genotype data. The F-statistic was calculated for each SNP to assess its strength as an instrumental variable, with a threshold of F > 10 indicating strong instruments. These detailed selection and validation procedures ensure the reliability and validity of the instrumental variables used in the study, thereby enhancing the robustness and scientific value of the findings.



2.4 Data analysis

Initially, the two-sample MR package was employed to estimate the causal relationship between exposure and outcome. Bidirectional MR analysis was performed on the discovery sample, followed by assessing heterogeneity and pleiotropy in the analysis results. Considering the clinical correlations among iron content in multiple abdominal organs, Multivariable MR (MVMR) analysis was conducted to evaluate their independent effects on Parkinson’s disease (Sanderson et al., 2019). For the discovery cohort with statistically significant differences in results, further validation was conducted using the replication cohort. Finally, the analysis results of the discovery cohort and the replication cohort were combined for meta-analysis.

In the bidirectional MR analysis, the inverse variance weighted (IVW) method was employed as the primary statistical model (Burgess et al., 2015). A p-value <0.05 was considered statistically significant, indicating a significant causal relationship, and odds ratios (OR) with 95% confidence intervals (CI) were reported for the MR estimates. Additionally, as a supplement, sensitivity analyses based on the weighted median (WM) method (Hartwig et al., 2017) and MR-Egger method (Bowden et al., 2015) were conducted to ensure the robustness of instrumental variable pleiotropy. A p-value <0.05 was considered statistically significant in these sensitivity analyses. Sensitivity analyses were conducted to evaluate heterogeneity and pleiotropy using Cochran’s Q heterogeneity test, Egger intercept test, MR pleiotropy residual sum and outlier (MR-PRESSO) global test, and leave-one-out test to ensure the stability of the results. A p-value less than 0.05 for Cochran’s Q indicated significant heterogeneity (Greco et al., 2015). In the estimation of causal effects, directional horizontal pleiotropy was indicated by the intercept in MR-Egger regression (Bowden et al., 2015). MR-PRESSO was also used to identify and correct for outliers within the association (Verbanck et al., 2018). The leave-one-out test sequentially excluded each SNP and conducted MR analysis on the remaining SNPs to detect potential outlier instrumental variables (Hemani et al., 2018). Results for each SNP and the final MR results can be illustrated using forest plots.

MVMR analysis utilized the IVW method, with a p-value <0.05 considered statistically significant, indicating a significant causal relationship, and OR with 95% CI reported for MVMR estimates.

All steps for instrumental variable selection and quality control were conducted using the software packages TwoSampleMR (v 0.5.8), Mendelian Randomization (0.9.0), TwoSampleMR (0.5.8), MR-PRESSO (1.0), MVMR (0.4), and meta (6.5–0) in R language version 4.3.2.




3 Results


3.1 Initial MR analysis

We conducted a two-sample Mendelian Randomization (MR) analysis using summary statistics from the FinnGen consortium to evaluate the causal effects of iron content in the liver, spleen, and pancreas on the risk of Parkinson’s Disease (PD). The primary MR analysis utilized the inverse variance weighted (IVW) method. Our findings indicated a significant causal relationship between liver iron content and an increased risk of PD (IVW: OR = 1.27; 95% CI: 1.05–1.53; p = 0.015). This suggests that higher iron levels in the liver may contribute to the development of PD, which aligns with previous research indicating the role of iron in neurodegenerative processes.

In contrast, no significant causal relationship was observed between spleen iron content (IVW: OR = 1.00; 95% CI: 0.76–1.32; p = 0.983) or pancreatic iron content (IVW: OR = 0.93; 95% CI: 0.72–1.20; p = 0.573) and the risk of PD. These results imply that the iron content in these organs does not significantly influence PD risk, highlighting the specificity of liver iron in this context.

To further validate our findings, we conducted a reverse MR analysis. This analysis confirmed that there was no significant causal relationship between PD and liver iron content (IVW: OR = 1.00; 95% CI: 0.97–1.02; p = 0.861), spleen iron content (IVW: OR = 0.98; 95% CI: 0.84–1.00; p = 0.111), or pancreatic iron content (IVW: OR = 1.00; 95% CI: 0.97–1.03; p = 0.828). This suggests that while liver iron content may influence PD risk, the reverse is not true, thus reinforcing the directionality and potential causality of our initial findings.

A comprehensive overview of these results is presented in Table 2 and Figure 2.



TABLE 2 The result of MR study and reverse MR study.
[image: A table displaying various analyses of iron exposure and its outcomes on Parkinson's Disease (PD) using different methods: inverse variance weighted, MR Egger, and weighted median. It includes columns for exposure type, outcome, method, SNP number, beta (β), standard error (se), p-value, and odds ratio (OR) with 95% confidence interval. Highlighted are results with statistically significant p-values under 0.05.]

[image: Six scatter plots labeled A to F, each showing SNP effects on iron in various organs and Parkinson's disease. Each plot includes data points with error bars and lines for inverse variance weighted, weighted median, and MR Egger methods. The X and Y axes represent different SNP effects, varying by plot.]

FIGURE 2
 Scatter plots of primary MR analysis. The slope of each line represents the expected MR impact in various models. (A) Liver iron on PD; (B) Spleen iron on PD; (C) Pancreas iron on PD; (D) PD on Liver iron; (E) PD on Spleen iron; (F) PD on Pancreas iron. MR, Mendelian randomization; PD, Parkinson’s disease.




3.2 Multivariable MR (MVMR) analysis

To explore the independent effects of iron content in different abdominal organs on PD risk, we performed a Multivariable MR (MVMR) analysis. The MVMR analysis indicated that liver iron content remained significantly associated with an increased risk of PD (IVW: OR = 1.23; 95% CI: 1.03–1.47; p = 0.025). This reinforces the importance of liver iron in the pathogenesis of PD.

However, the analysis revealed no significant causal relationships for spleen iron content (IVW: OR = 0.90; 95% CI: 0.72–1.12; p = 0.656) or pancreatic iron content (IVW: OR = 0.95; 95% CI: 0.74–1.21; p = 0.337) with PD risk. These findings suggest that, independently, neither spleen nor pancreatic iron levels significantly impact PD risk, further emphasizing the unique role of liver iron content.

The results of MVMR analysis are presented in Table 3.



TABLE 3 The results of MVMR study.
[image: A table showing the association between iron in liver, spleen, and pancreas with PD using the inverse variance weighted method. Each has eighty-five SNPs. Liver iron shows a β of 0.205 with a p-value of 0.025 and an OR of 1.23 (95% CI: 1.03-1.47), indicating statistical significance. Spleen iron has a β of -0.056, p-value 0.656, and OR 0.95 (95% CI: 0.74-1.21). Pancreas iron has a β of -0.110, p-value 0.337, and OR 0.90 (95% CI: 0.72-1.21). MVMR, multivariable Mendelian randomization.]



3.3 Replication analysis

For replication, we utilized summary statistics from two other large GWAS datasets. The replication analysis results from the GWAS conducted by Sakaue et al. (2021) (IVW: OR = 1.06; 95% CI: 0.93–1.22; p = 0.387) and the GWAS by Alfradique-Dunham et al. (2021) (IVW: OR = 1.30; 95% CI: 0.93–1.82; p = 0.121) did not show significant causal relationships between liver iron content and PD. However, a meta-analysis combining these datasets with the FinnGen data suggested a significant association between increased liver iron content and a higher risk of PD (OR = 1.17; 95% CI: 1.01–1.35; p = 0.012). This meta-analysis reinforces our initial findings and highlights the robustness of the association between liver iron and PD risk across different populations.

The results are shown in Figures 3, 4.

[image: Three forest plots labeled A, B, and C, each depicting MR effect sizes for the influence of liver iron on Parkinson's disease. Each plot displays dots with lines representing individual genetic variants and overall estimates, with effect sizes on the x-axis. The x-axis ranges differ for each plot: A from -2.5 to 5.0, B from -4.0 to 2.0, and C from -30 to 10. The y-axis lists genetic variant identifiers. Red points represent the pooled MR effect sizes with confidence intervals.]

FIGURE 3
 Causal effects of Liver iron on PD. (A) The GWAS data for Parkinson’s disease is derived from FinnGen; (B) The GWAS data for Parkinson’s disease is derived from the summary statistics published by Sakaue et al. (2021); (C) The GWAS data for Parkinson’s disease is derived from the summary statistics published by Alfradique-Dunham et al. (2021).


[image: Forest plot displaying meta-analysis results for three studies, showing log odds ratios (logOR), standard errors (SE), weights, and odds ratios with confidence intervals. Study 1 shows logOR 0.2361; weight random 35.1%; odds ratio 1.27 [1.05, 1.53]. Study 2 shows logOR 0.2634; weight random 15.4%; odds ratio 1.30 [0.93, 1.82]. Study 3 shows logOR 0.0605; weight random 49.5%; odds ratio 1.06 [0.93, 1.22]. The combined effect odds ratio is 1.14 [1.03, 1.27], with total random effect 1.17 [1.01, 1.35]. Heterogeneity statistics are included.]

FIGURE 4
 MR meta-analysis results between Liver Iron on PD. Study 1:Date from FinnGen; Study 2:Date from GWAS by Sakaue et al. (2021); Study 3:Date from GWAS by Alfradique-Dunham et al. (2021).




3.4 Sensitivity analyses

To ensure the robustness of our findings, we conducted several sensitivity analyses. These analyses included heterogeneity tests using Cochran’s Q and assessments of horizontal pleiotropy using the MR-Egger intercept test. The Cochran’s Q test indicated no significant heterogeneity across all analyses, suggesting consistent results. Additionally, the MR-Egger intercept test did not reveal any evidence of horizontal pleiotropy, further supporting the validity of our causal estimates. These comprehensive sensitivity analyses confirm the reliability and robustness of our findings, particularly the significant association between liver iron content and PD risk.

The results of sensitivity analysis are presented in Table 4.



TABLE 4 The results of sensitivity analyze.
[image: Table displaying various analyses of iron levels in liver, spleen, and pancreas with Parkinson's disease outcomes. It includes SNP counts, heterogeneity tests, MR-Egger pleiotropy tests, and MR-PRESSO results. Significant difference noted at p-value < 0.05. No outliers listed.]




4 Discussion

In this MR study utilizing summary statistics data from FinnGen and two other large European ancestry GWAS datasets, we investigated the causal relationship between iron content in multiple abdominal organs and Parkinson’s disease. Our study findings revealed a positive correlation between genetically predicted liver iron content and the risk of Parkinson’s disease. These findings provide novel insights into the potential role of monitoring iron levels in specific organs for preventing and treating Parkinson’s disease and mitigating its complications.

Iron is an extremely important trace element in the human body, playing a crucial role as a cofactor in various biological processes. In the brain, iron is involved in multiple processes such as neurotransmitter and myelin synthesis, mitochondrial respiration, and neurotransmitter transmission. The brain, being the organ with the highest oxygen consumption in the body, relies on iron ions for electron transport in mitochondria to generate adenosine triphosphate (ATP) (Ferreira et al., 2019), which serves as energy for the brain. Additionally, iron ions participate in the generation of Fe–S clusters, which are involved in protein repair within the mitochondrial respiratory chain (Yang et al., 2023). Prolonged elevation of iron ion levels beyond the maximum binding capacity of storage proteins can lead to cell death characterized by iron-dependent lipid peroxidation (Dixon et al., 2012; Nikseresht et al., 2019). This form of cell death, known as ferroptosis, occurs due to iron ions catalyzing the Fenton reaction (Deng et al., 2023), generating hydroxyl or alkoxyl radicals, thereby exacerbating cellular oxidative damage (Dixon et al., 2012). Given the high dependence of the brain on iron, the deposition of iron in the brain increases with age (Belaidi and Bush, 2016). Iron deposition in the brain primarily occurs in cortical regions and internal nuclei such as the pallidum, putamen, substantia nigra, which are associated with various neurodegenerative diseases (Ward et al., 2014).

Parkinson’s disease (PD) is a common neurodegenerative disorder characterized by motor symptoms such as resting tremor, as well as non-motor symptoms including depression, anxiety, or apathy (Hayes, 2019). The main pathological features of PD include the formation of Lewy bodies in the substantia nigra pars compacta and degeneration and death of dopaminergic neurons (Shahmoradian et al., 2019). The aggregation of α-synuclein (α-syn) into Lewy bodies is currently considered a key pathological feature of PD (Wurster et al., 2022), and α-syn has been implicated in iron-mediated cell death and lipid metabolism (Li et al., 2022). Previous observational studies have found that iron deposition in the brains of PD patients primarily occurs in the glia and dopaminergic neurons of the substantia nigra, and the amount of iron deposition is closely related to the severity of the disease (Pyatigorskaya et al., 2015). Studies have shown that iron chelators can protect neurons by inhibiting iron-mediated cell death, and animal experiments have demonstrated that the use of iron chelators in α-synuclein-aggregated mouse models can rescue behavioral deficits (Zeng et al., 2021). Therefore, maintaining the balance of iron homeostasis and inhibiting iron-mediated cell death may represent a novel therapeutic approach for treating Parkinson’s disease.

The liver is an important organ for storing and metabolizing iron in the body, and hepatocytes are the second largest iron-storing cells after red blood cells (Nemeth and Ganz, 2021). A portion of the iron absorbed by the body is stored in the liver, intestines, and macrophages in the form of ferritin, while another portion is transported to the liver via the portal vein and absorbed under the mediation of transferrin (Kohgo et al., 2008). Transferrin levels are regulated by hepcidin, a peptide secreted by hepatocytes (Camaschella et al., 2020), so the liver is typically the first organ to exhibit signs of iron overload when iron overload occurs in the body (Headley et al., 2020). Liver iron concentration is a reliable indicator for assessing body iron levels (Ang et al., 2017). Aging red blood cells are engulfed by macrophages and broken down, releasing iron, with a significant portion of the released iron being stored in the spleen (Ramm and Ruddell, 2010). Iron deposition in the pancreas occurs because pancreatic β cells express more transferrin compared to other tissues (Singh et al., 2017). Previous studies have found that changes in tissue iron levels in the liver, spleen, and pancreas are consistent with changes in serum iron (Wood et al., 2015; Karakus et al., 2017; Sussman et al., 2020). In our study, we used the iron content in liver, spleen, and pancreas tissues to represent the level of iron metabolism in the body, predicting the occurrence of Parkinson’s disease at a macro level, which facilitates monitoring of the disease progression and early intervention.

Iron dysregulation in abdominal organs may contribute to the pathogenesis of Parkinson’s disease (PD) through several potential mechanisms. One such mechanism is oxidative stress. Abdominal organs, such as the liver, can generate reactive oxygen species (ROS) through the Fenton reaction. These ROS can cause oxidative damage to cellular components, including lipids, proteins, and DNA, not only within the liver but also in distant organs like the brain. Due to its high oxygen consumption and abundant lipid content, the brain is particularly susceptible to oxidative stress, which can lead to significant damage and contribute to the neurodegenerative processes observed in PD (Ward et al., 2014).Another possible mechanism is neuroinflammation. Iron overload in abdominal organs can trigger systemic inflammation, which can cross the blood–brain barrier and induce neuroinflammatory responses (Badanjak et al., 2021). Chronic neuroinflammation is implicated in the progression of PD, leading to the degeneration of dopaminergic neurons in the substantia nigra (Tansey and Goldberg, 2010). Additionally, iron dysregulation may impact mitochondrial function in both peripheral tissues and the brain, further contributing to neuronal death and the progression of PD (Sohrabi et al., 2023).

Our study has several strengths. To our knowledge, we are the first to use two-sample Mendelian randomization (MR) technique to explore the relationship between iron levels in multiple abdominal organs (liver, spleen, and pancreas) and PD. Compared to previous observational studies, MR studies are less susceptible to confounding factors and provide more stable estimates of causal effects, making MR analysis a viable alternative research method in the absence of randomized controlled trials. Additionally, the use of large-sample GWAS summary data significantly increases statistical power compared to small-sample observational studies. Furthermore, the adoption of sensitivity analysis ensures the consistency of causal estimates and the reliability of results.

Certainly, our study also has some limitations. Firstly, the data utilized in this study are derived exclusively from European populations. As such, the generalizability of these results to other ethnic groups is uncertain. Different populations may have varying genetic backgrounds, environmental exposures, and lifestyle factors that could influence both iron metabolism and Parkinson’s disease (PD) risk. Future studies should include diverse populations to confirm the applicability of our findings across different ethnicities. Secondly, the GWAS data we used were not stratified by gender and age. Iron metabolism and PD risk may differ between males and females and across different age groups. For instance, hormonal differences, such as those related to estrogen, could influence iron homeostasis and oxidative stress levels. Age-related changes in iron accumulation and brain vulnerability to oxidative damage are also important considerations. Stratified analyses could provide more nuanced insights into how these factors interact with iron metabolism and PD risk. Thirdly, despite using sensitivity analysis to test the assumptions of MR studies, it is still unable to completely eliminate horizontal pleiotropy among instrumental variables. Horizontal pleiotropy occurs when genetic variants influence the outcome through pathways other than the exposure of interest. Further methodological advancements and rigorous sensitivity analyses are necessary to enhance the validity of MR studies.

Our MR analysis has revealed the relationship between iron levels in multiple organs and the occurrence of Parkinson’s disease at a genetic level, further confirming the important role of iron homeostasis in Parkinson’s disease. The implications of our findings for clinical practice and public health are significant. Monitoring liver iron levels could become an essential aspect of PD risk assessment, particularly for individuals with genetic predispositions to iron dysregulation. Interventions aimed at regulating iron metabolism, such as iron chelation therapy or dietary modifications, might be explored as potential strategies to reduce PD risk. By integrating genetic research, clinical practice, and public health strategies, we can better prevent and manage PD, ultimately improving patient outcomes and quality of life. Further research is needed to explore the corresponding genetic mechanisms behind this relationship.
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Background: Parkinson’s disease is characterized by symptoms such as bradykinesia and rigidity, which worsen as the disease progresses, significantly impacting patients’ independence and quality of life. This study utilizes a network meta-analysis approach to quantify information gathered from randomized controlled trials (RCTs) regarding motor interventions that effectively improve the motor function of Parkinson’s disease patients, aiming to provide evidence for selecting appropriate exercise intervention strategies for patients.
Methods: A systematic search strategy for randomized controlled trials (RCTs) restricted to English was constructed based on multiple biomedical databases. Databases searched included PubMed, Embase, Cochrane, Web of Science, CINAHL, CBM, China National Knowledge Infrastructure (CNKI), Wan fang, VIP, etc., with searches conducted from inception to July 9, 2023. Two authors screened all studies, extracted data, and used frequency domain analysis methods. Network meta-analysis was performed using STATA software version 18.0 to compare and rank exercises that could effectively improve the motor function of Parkinson’s disease patients (measured by indicators such as MDS-UPDRS-III, TUG, BBS, Mini-BES Test, 6MWT scores). Additionally, a series of analyses and evaluations were conducted, such as assessing the methodological quality of included studies using the Cochrane risk of bias tool.
Results: The network meta-analysis included a total of 111 studies involving 5,358 participants, 133 intervention experiments, and 31 intervention measures. Although most exercise interventions showed effectiveness, cumulative ranking curves under the surface (SUCRA) values showed that archery exercise significantly improved patients’ MDS-UPDRS-III scores (SUCRA = 95.6%), significantly superior to routine care [standardized mean difference (SMD = 16.92, 95%CI = −28.97, −4.87)]. High-intensity and agility exercise (High strength and agility) referred to as high-intensity exercise or agility training or a combination of both, collectively termed as high-intensity agility training, significantly improved patients’ completion time for the time-up-and-go test (SUCRA = 99.7%), (SMD = −7.88, 95%CI = −9.47, −6.28). Dance and Tai Chi exercises significantly improved patients’ balance abilities: Mini-Balance Evaluation Systems Test (SUCRA = 77.9%), (SMD = 5.25, 95%CI = −0.42, 10.92) for dance intervention and Berg Balance Scale (SUCRA = 94.7%), (SMD = 11.22, 95%CI = 3.26, 19.18) for Tai Chi intervention. Dance also significantly improved patients’ walking ability in the 6-min walk test (SUCRA = 80.5%), (SMD = 71.31, 95%CI = 13.77, 128.84).
Conclusion: Compared to other exercises, archery, dance, Tai Chi, and high-intensity agility exercises demonstrate superior efficacy in improving the motor function of Parkinson’s disease patients.
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 network meta-analysis; Parkinson’s disease; exercise intervention; motor function; randomized controlled trial


1 Introduction

Parkinson’s Disease (PD) is a common neurodegenerative disorder characterized by the degeneration and death of dopaminergic neurons. It arises from the slow loss of midbrain cells in the substantia nigra and is the second most prevalent neurodegenerative disease after Alzheimer’s disease. With the global population aging, the number and proportion of individuals aged 65 and above are rapidly increasing, leading to an unprecedented rise in the number of Parkinson’s disease patients (1). It is estimated that by 2040, the global number of Parkinson’s disease patients will exceed 12 million (2). Parkinson’s disease not only affects the elderly; many individuals under 50 years old are also developing the condition, with no one immune to it (3). The typical pathology of Parkinson’s disease includes bradykinesia, rigidity, reduced movement amplitude, and decreased automatism (4). Moreover, patients’ functional abilities are impaired, increasing the risk of falls and related injuries as the disease progresses (5). This constitutes a significant burden on patients’ independence and quality of life. While dopaminergic medications can improve certain aspects of patients’ motor abilities, such as walking speed and stride length, they face multiple challenges and may not significantly alter temporal features and intermittent symptoms (6, 7). For some patients, medication interventions may even exacerbate motor dysfunction and impair mobility, including fluctuations in motor response (so-called wearing-off) and inducing movement disorders.

To date, there is no cure for PD. Dopaminergic drugs are the mainstay of treatment (8), alleviating motor symptoms in PD patients. However, they have limitations; prolonged use can lead to drug resistance, and some patients may experience hallucinations, visual illusions, auditory hallucinations, impulsivity, and compulsive behaviors (9). Complications resulting from long-term levodopa therapy and reduced dosage of dopamine agonists (10). Moreover, medications also have certain toxic side effects (11). Surgical deep brain stimulation (DBS) treatment may accelerate the initiation of PD patients’ responses and improve active inhibition of functional disorders. However, DBS treatment carries risks of infection and rejection reactions, surgical contraindications, and cannot prevent or alleviate the appearance of non-motor symptoms and the progression of the disease.

However, exercise, along with rehabilitation therapy, psychological intervention, and caregiving, is applicable throughout the course of Parkinson’s disease treatment. It is an important adjunct therapy that is convenient, economical, and suitable for long-term adherence. Compared to medication, exercise therapy may have better effects on patients’ motor symptoms. This evidence is supported by cross-sectional studies, longitudinal observational studies, and prospective intervention trials (12–16). However, there are also few studies indicating that although the exercise duration is similar, there is no significant improvement in patients’ motor abilities. This difference may be due to differences in cognitive involvement, and the severity of the disease may also affect the outcomes, leading to discrepancies (17, 18).

Recently, two network meta-analyses were published, examining evidence of different exercise interventions to improve patients’ motor abilities. The first study included 60 randomized controlled trials with a total sample size of 3,537, analyzing evidence of 19 exercises for improving postural balance in Parkinson’s disease patients. The network meta-analysis results showed that exercise significantly improved patients’ time-up-and-go time. Dance significantly improved patients’ Berg balance scale scores, and rhythmic auditory stimulation significantly improved patients’ Mini-Balance Evaluation Systems Test scores. However, this study’s classification of exercise interventions was relatively broad and unclear, only analyzing evidence of certain categories of exercise improving patients’ motor symptoms, without providing detailed intervention methods and duration recommendations for patients. The second study included 20 trials with 719 patients, focusing on aerobic and resistance exercises’ evidence of intervention in Parkinson’s disease patients’ motor abilities. The indicators used in the article mainly focused on patients’ walking abilities, such as 6MWT, 10TWM, TUG, which may lead to some one-sidedness in analyzing the improvement of patients’ motor abilities.

In this systematic review, we adopted a network meta-analysis method to simultaneously compare multiple treatments in a single analysis by combining direct and indirect evidence from randomized controlled trials (RCTs) within the network. Traditional meta-analysis can only collect studies designed for direct comparison of intervention measures.

Network meta-analysis (NMA) is a universal technique used to compare multiple intervention measures simultaneously (e.g., A vs. B, B vs. C) (19). NMA can compare multiple intervention measures by combining direct and indirect comparisons, thereby selecting the best intervention measures based on the relative effectiveness of different intervention measures in the evidence network (20).

Here, we aim to evaluate various exercise interventions through network meta-analysis (NMA), including treadmill training, strategy training, aerobic exercise, aquatic exercise, balance and gait training, dual-task training, boxing, dance (such as Irish dance, Sardinian dance, square dance, partner dance, different rhythmic dance therapies), fitness qigong (such as Eight Pieces of Brocade, Five Animals Frolic, Six Word Formula), Tai Chi, mindfulness meditation, resistance exercise (such as weightlifting, resistance band exercise, progressive resistance exercise), high, medium, and low-intensity exercises, sports games, rock climbing, and other exercise interventions related to Parkinson’s disease randomized controlled trials (RCTs).

Although many systematic reviews and meta-analyses have discussed the effectiveness of various physical therapies in PD, each has only compared two or several treatment methods. Most reviews and meta-analyses include non-randomized controlled trials or lack quantitative analysis, comparing non-drug, physical interventions with placebos, waiting lists, or routine treatments, lacking comprehensive, systematic, and detailed evidence and corresponding precise outcome indicators to illustrate the relative effects of all tested exercises on patients’ motor abilities. This lack of integration is important because different exercise interventions vary in cost and effectiveness. This study attempts to systematically review previous randomized controlled trials, refine various exercise interventions into different types for reevaluation, and compare and rank exercises that can effectively improve Parkinson’s disease patients’ motor abilities, providing further evidence for clinicians and patients in selecting appropriate exercise intervention methods and duration.



2 Methods


2.1 Eligibility criteria and study search

Following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Extension for Network Meta-Analyses guidelines (21), we conducted searches in the following databases from inception to July 9, 2023, for randomized controlled trials (RCTs) related to medical interventions for Parkinson’s disease: PubMed, Embase, Cochrane, Web of Science, CINAHL, CBM, China National Knowledge Infrastructure (CNKI), Wanfang, and VIP databases. We used a combination of medical subject headings (MeSH terms or Emtree terms) and free text related to Parkinson’s disease, exercise interventions, and randomized controlled trials, including: (1) MeSH terms: Parkinson’s disease, free text: Parkinson’s disease, idiopathic Parkinson’s disease, Lewy body Parkinson’s disease, primary Parkinson’s disease, tremor-predominant Parkinson’s disease; (2) MeSH terms: Exercise intervention, free text: aerobic exercise, resistance training, strength training, balance exercises, balance, dual-task training, stretching exercises, Tai Chi, Five Animals Frolic, Eight Pieces of Brocade, qigong, yoga, dance, boxing, resistance training, aquatic exercise; (3) MeSH terms: randomized controlled trials, random control, placebo. MeSH and free words within each group were linked with “OR,” and each group was searched with “AND.”



2.2 Study selection criteria


2.2.1 Inclusion criteria

(P) Participants: human subjects with early to mid-stage PD classified according to the Hoehn and Yahr (H&Y) scale (I–III), with an average age ≥66 years; (I) Intervention: Exercise training; (C) Comparator: randomized control group; (O) Outcomes: unified Parkinson’s Disease Rating Scale (MDS-UPDRS-III), Time Up and Go test (TUG), Mini-Balance Evaluation Systems Test (Mini BES Test), Berg Balance Score (BBS), 6-min walk test (6MWT); (S) Study design: English-language and published RCTs.



2.2.2 Exclusion criteria

(1) Studies involving participants with other neurological diseases; (2) Studies with incomplete data or unable to obtain statistical analysis; (3) Studies using outcome measurements other than MDS-UPDRS part III, TUG, 6MWT, BBS, Mini BES Test, e.g., original UPDRS or parts 1, 2, or 4; (4) Studies without control groups or involving only single acute training protocols, abstracts, or conference poster presentations; (5) Studies from non-randomized controlled trials (reviews, comments, animal studies).




2.3 Study selection

After excluding and identifying eligible literature, all relevant literature was stored in the EndNote 20 reference manager. Two authors independently screened the titles, abstracts, and full texts of potentially eligible RCTs, with discrepancies resolved by consensus. Data extraction was completed by the primary author, including participant characteristics such as sample size, age (years ± SD), disease duration (years ± SD), H&Y stage (mean ± SD), MDS-UPDRS part III score (mean ± SD), medication status during the trial (ON or OFF), type, frequency, and duration of exercise intervention. Additionally, data from ongoing or forthcoming trials were retrieved from the ClinicalTrials.gov and Chinese Clinical Trial Registry platforms. Gray literature was also considered in the search. Manual searches of the reference lists of included literature and relevant articles were conducted to identify eligible studies. Risk of bias (RoB) was assessed using the revised Cochrane rct Collaboration tool (22), with assessments made across six domains: (1) bias arising from the randomization process, (2) deviations from intended interventions, (3) missing outcome data, (4) outcome measurement, (5) selection of reported results, and (6) overall bias. Disagreements were resolved through consensus, and a risk of bias table was created. Risk assessments for each trial were independently entered into Review Manager (RevMan 5.4), generating a summary of bias risk alongside meta-analysis results.



2.4 Statistical analysis

Network analysis was conducted using STATA 18.0 and analyzed using a Frequentist framework following the PRISMA NMA guidelines. For all eligible trials, mean and standard deviation post-intervention values were compared. To reveal all available effects for each exercise intervention, a network evidence graph was generated as a simple summary description. In the network graph, nodes represent various exercise interventions, with node size proportional to the number of study participants. The connecting edges display direct pairwise comparisons, with line thickness correlated to effect size.

Surface under the cumulative ranking (SUCRA) plots provide a simple numerical summary of the cumulative ranking probabilities for each intervention, serving as an estimate of the probability used to rate exercise interventions (23). A higher SUCRA value indicates a higher likelihood of an exercise intervention being at the top level or extremely effective, while a lower value indicates the intervention is likely the worst. We examined global consistency, fitting inconsistent and consistent models, and used node-splitting analysis models to determine local consistency. p > 0.05 indicates no significant inconsistency between direct and indirect comparisons, adopting a consistency model; otherwise, an inconsistency model is used. To detect publication bias, a funnel plot was created as a concise description, such as publication bias, selective reporting, or other biases (24).




3 Results


3.1 Study identification

According to the pre-defined search strategy, a total of 7,301 articles were retrieved. After excluding duplicates and for other reasons, 2,997 articles remained, which were screened based on titles and abstracts. Then, 2,584 articles were excluded as irrelevant literature. A total of 413 results were confirmed by reviewing full texts, and 302 articles were subsequently excluded (reasons including non-randomized controlled trials, incomplete data, conference papers, inconsistency with intervention measures, etc.). Finally, this study included a total of 111 articles (Figure 1).

[image: Flowchart illustrating the identification of studies via databases and register. It consists of four main sections: Identification, Screening, Eligibility, and Inclusion. The identification section lists records from ten databases, totaling 7301 entries, with specific numbers from each source like PubMed (558) and Wei Pu (1988). Records removed before screening include 947 duplicates and 3357 ineligible records. In the screening phase, 2997 records were screened, with 2584 excluded. In the eligibility phase, 413 reports were sought, with 205 not retrieved. Finally, 208 reports were assessed, resulting in 111 included in the network meta-analysis, with reasons for exclusion noted.]

FIGURE 1
 The process of selection of the eligible studies.




3.2 Study characteristics

Table 1 presents the characteristics of 111 eligible randomized controlled trials published between 2002 and 2023, involving 5,358 participants. In this network meta-analysis (NMA), there were a total of 133 intervention experiments and 31 intervention measures, such as GE: Gait Exercise (gait posture intervention, aerobic walking); RC: Routine Care; RE: Resistance Exercise (weightlifting, resistance band, strength training interventions, etc.); BE: Balance Exercise (stability exercises, balance training); HT: Hydrotherapy Exercise (aquatic exercise); AH: Archery Exercise; ST: Stretching Training (limb stretching, joint stretching); TC: Tai Chi; NW: Nordic Walking; YG: Yoga; TTC: Treadmill Training (high-intensity, moderate-intensity, low-intensity treadmill interventions); TB: Treadmill Balance (treadmill combined with balance intervention); DA: Dance (tango, Irish dance, improvisational dance, waltz); SG: Sports Games (VR, active video games); MM: Mindfulness Meditation; DTT: Dual-Task Training; FQ: Fitness Qigong (Six-word Secret, Five Animals Frolic, Eight Pieces of Brocade); HAS: High-intensity Agility Training; SC: Sport Climbing; SST: Sports Strategy Training; Da2: Binary Rhythm Dance; BO: Boxing; MIT: Moderate Intensity Training; STT: Sensory Attention Training; ESP: Elastic Band Pilates; RAB: Cycling; AE: Aerobic Exercise; WLR: Weightlifting Resistance Exercise; EAR: Elastic Band Resistance Training; CD: Couple Dance; BK: Kickboxing. In the included studies, most exercise interventions were compared with routine care, stretching exercises, and aerobic exercises. Among all eligible studies, 90 randomized controlled trials (25–77) were two-arm trials, while 21 randomized controlled trials (16, 78–93) were three-arm trials. The duration of exercise intervention in the included trials ranged from 4 to 96 weeks (mean duration 14.5 weeks, SD 15.3), with the total number of intervention sessions ranging from 6 to 288 (mean 32.41 sessions, SD 30.19), weekly exercise intervention frequency ranging from 1 to 5 times (mean frequency 2.5, SD 1.05), and individual session duration ranging from 15 to 120 min (mean duration 53.25 min, SD 21.81).



TABLE 1 Characteristics of the included studies.
[image: Table displaying characteristics with mean and standard deviation (SD): Age (66.5, 7.81), Exercise period in weeks (12.9, 13.1), Number of interventions (32.4, 30.1), Practice time in minutes (53.2, 21.8), Hoehn and Yahr (2.16, 0.36).]



3.3 Quality assessment

The methodological quality assessment of eligible randomized controlled trials is shown in Figure 2, indicating an overall high quality of the included literature. Thirteen trials had notable flaws in randomization, and blinding was not clearly described in one trial, leading to incomplete reporting of trial results and consequently categorized as medium risk. In 23 trials, randomization and blinding were mentioned but not elaborated upon, thus classified as low risk.

[image: Grid contrasting biases in various studies, categorized into random sequence generation, allocation concealment, blinding, incomplete outcome data, selective reporting, and other biases. Risks are color-coded: green for low risk, yellow for unclear risk, and red for high risk. Bottom chart summarizes each category's risk distribution, predominantly showing low risk with some unclear and minimal high risks.]

FIGURE 2
 Analysis of the risk of bias in accordance with the Cochrane collaboration guideline.




3.4 Network analysis


3.4.1 MDS unified-Parkinson disease rating scale

Figure 3A depicts the network diagram of various exercise interventions for Parkinson’s disease (PD) based on MDS-UPDRS-III scores, indicating that comparisons between DA (dance), ST (stretching training), BE (balance exercise), RE (resistance exercise), and RC (routine care) are common and considered prominent interventions currently. Network meta-analysis (NMA) was conducted to compare the effects of different interventions on the motor abilities of PD patients. Figure 3B and Table 2 show the cumulative ranking curve (SUCRA) of different interventions on motor abilities and pairwise comparisons of 27 exercise interventions for improving motor abilities in PD patients. In SUCRA, different exercise interventions are ranked in terms of the probability of improving patients’ motor abilities (reducing MDS-UPDRS-III scores). As shown in Figure 1B, AH (Archery) ranks first in SUCRA with a value of 96.3%. The rankings are as follows: AH: Archery (SUCRA = 96.3%), Da2: Duality Rhythm Dance (SUCRA = 82.2%), RAB: Ride a bike (SUCRA = 80.4%), ESP: Elastic strap Pilates (SUCRA = 76.3%), YG: yoga (SUCRA = 75.8%), TB: treadmill Balance (SUCRA = 74.0%), STT: Sensory attention training (SUCRA = 71.4%), HAS: High strength and agility (SUCRA = 68.4%), NW: Nordic walking (SUCRA = 66.7%), BE: Balance exercise (SUCRA = 38.9%), RE: Resistance Exercise (SUCRA = 35.3%). These exercise interventions show higher effectiveness in reducing MDS-UPDRS-III scores compared to ST: stretching training (SUCRA = 17.6%) and RC: Routine care (SUCRA = 22.7%). AH: Archery significantly outperforms the control group RC: Routine care (SMD = −18.51, CI = −28.96, −8.06), and also significantly outperforms ST (SMD = −19.59, CI = −30.60, −8.57), SG: Sports game (SMD = −22.33, CI = −36.36, −8.30), AE: Aerobic Exercise (SMD = −14.44, CI = −25.55, −3.34), and others, indicating significant improvement in motor abilities with AH: Archery for Parkinson’s disease. However, due to minimal improvement in motor abilities for PD patients with the BO: Boing intervention, with MDS-UPDRS-III scores increasing rather than decreasing after the intervention (63), BO: Boing ranks last in the probability ranking (SUCRA = 0.4%), indicating inferior effectiveness compared to other exercises. For consistency testing, a fitted inconsistency model yielded P > F = 0.2295, indicating no significant inconsistency (p > 0.05), confirming a consistency model. Furthermore, through node-splitting analysis, both indirect and direct comparison p-values were greater than 0.05, indicating good model convergence and favorable iteration effects of the included studies.

[image: Diagram A features a complex network with circles connected by lines, representing various exercise treatments and their relationships. The circles' sizes vary, indicating the significance or weight of each treatment. To the right, B comprises multiple line graphs. Each graph shows cumulative probabilities versus rank for different treatments, with lines typically progressing upwards to the right, suggesting positive trends in outcomes or rankings. The diagrams highlight treatment comparisons and effectiveness.]

FIGURE 3
 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.




TABLE 2 Relative effect sizes of efficacy on MDS-UPDRS-III according to network meta-analysis.
[image: Grid chart displaying SUCRA values, exercise treatments, and pairwise comparisons with three color-coded boxes: yellow for SUCRA values, blue for exercise treatments, and green for pairwise comparisons. Variables include various physical activities and comparisons indicated along axes.]



3.4.2 Time up and go test

The NMA of TUG is illustrated in Figure 4A, showing the probability rankings of different exercise interventions in improving TUG time. High strength and agility rank first in SUCRA, as depicted in Figure 4B. The network meta-analysis results indicate that HAS: High strength and agility (SUCRA = 99.7%), ETP: Elastics strap Pilates (SUCRA = 89.1%), FQ: Fitness Qigong (SUCRA = 84.5%), SG: Sports game (SUCRA = 73.2%), CD: Couple dance (SUCRA = 71.4%), YG: yoga (SUCRA = 71.0%), DA: Dance (SUCRA = 65.1%), NW: Nordic walking (SUCRA = 62.7%), TC: shadow boxing (SUCRA = 55.4%), AR: Archery (SUCRA = 51.9%), RE: Resistance Exercise (SUCRA = 50.0%), TB: Treadmill Balance (SUCRA = 48.2%) have lower TUG times compared to the control group RC: Routine care (SUCRA = 21.3%). HAS: High strength and agility significantly outperforms the control group (RC), providing potential effect estimates (SMD = −7.88, CI = −9.47, −6.28). The relative effect sizes of TUG efficacy are shown in Table 3. For consistency testing, a fitted inconsistency model yielded P > F = 0.9873, indicating no significant inconsistency (p > 0.05), confirming a consistency model. Furthermore, through node-splitting analysis, both indirect and direct comparison p-values were greater than 0.05, indicating good model convergence and favorable iteration effects of the included studies. See Figure 5 for details.

[image: Diagram with two sections. Section A displays a network graph connecting various exercise and training categories, with Balance Exercise and Gait Exercise prominently linked. Section B presents small line graphs labeled with abbreviations, showing cumulative probabilities against rank for different treatments.]

FIGURE 4
 The NMA figure for TUG (A). The SUCRA plot for TUG (B). GE, gait exercise; RC, routine care; BE, balance exercise; ST, stretching training; TTC, treadmill training category; RAB, ride a bike; YG, yoga; NW, Nordic walking; TC, shadowboxing, ESP, elastic strap pilates; Bo, boxing; DA, dance; RE, resistance exercise; CD, couple dance; MM, mindfulness meditation; AH, archery; SG, sports game; HT, hydrotherapy, TB, treadmill Balance; FQ, fitness qigong; AE, aerobic exercise; WLR, weight lifting resistance; BK, kick boxing; HAS, high strength and agility; STT, sensory attention training; DTT, dual task training.




TABLE 3 Relative effect sizes of efficacy on TUG, according to network meta-analysis.
[image: Chart displaying a triangular matrix with SUCRA values, exercise treatments, and pairwise comparisons in a color-coded scheme. Yellow indicates SUCRA values, blue highlights exercise treatments, and green shows pairwise comparisons. Each block contains numerical data with various exercise abbreviations.]

[image: Five funnel plots labeled A to E display comparisons of effect size error in various studies. Each funnel plot has scattered data points with superimposed lines, depicting standard error against effect size centered at the pooled effect. Below each plot, legends list study comparisons using different colored symbols. Dotted lines signify confidence intervals, and vertical lines indicate pooled effect.]

FIGURE 5
 Funnel plot on publication bias of MDS-UPDRS-III (A), TUG (B), 6MWT (C), BBS (D), and Mini BES Test (E).




3.4.3 Berg balance scale

The network diagram of different exercises on the BBS balance indicator in Parkinson’s disease is shown in Figure 6A, indicating that comparisons between DA (dance), ST (stretching training), BE (balance exercise), FQ (Fitness Qigong), and RC (Routine care) are common, and can also be considered as currently popular interventions for balance-related indicators in Parkinson’s disease. NMA was employed to compare the effects of different interventions on the balance ability of PD patients. In SUCRA (as shown in Figure 6B), different exercise interventions rank TC: shadowboxing (SUCRA = 94.7%) first in improving patients’ balance ability (increasing BBS scores). NW: Nordic walking (SUCRA = 86.7%), DA: Dance (SUCRA = 76.4%), BE: Balance exercise (SUCRA = 74.8%), AE: Aerobic Exercise (SUCRA = 59.3%), TB: treadmill Balance (SUCRA = 57.5%), ESP: Elastic strap Pilates (SUCRA = 56.8%), YG: Yoga (SUCRA = 53.4%), CD: Couple dance (SUCRA = 50.4%), DTT: Dual task training (SUCRA = 40.8%), HT: Hydrotherapy (SUCRA = 39.9%), WLR: Weight lifting resistance (SUCRA = 36.9%), FQ: Fitness Qigong (SUCRA = 36.3%) have BBS scores higher than the control group RC: (SUCRA = 27.4%). TC (shadow boxing) significantly outperforms the named control group (RC) (SMD = 11.22, CI = 3.26, 19.18). Additionally, TC exercise also significantly surpasses other currently popular interventions such as DA: Dance (SMD = 5.79, CI = −2.77, 14.36); BE: Balance exercise (SMD = −6.00, CI = −12.92, 0.92); RE: Resistance Exercise (SMD = −10.61, CI = −19.01, −2.22). The relative effect sizes of BBS efficacy are shown in Table 4. For consistency testing, a fitted inconsistency model yielded p > 0.05, indicating no significant inconsistency, confirming a consistency model. See Figure 5 for details.

[image: A network graph and a set of line charts depict different exercise treatments and their effectiveness. Part A shows various exercises like stretching, hydrotherapy, and balance exercise connected with lines of varying thickness, indicating relationships. Part B features multiple small line charts labeled with abbreviations like AE, BE, and CD, showing cumulative probabilities against rank for each treatment.]

FIGURE 6
 The NMA figure for BBS (A). The SUCRA plot for BBS (B). GE, gait exercise; RC, routine care; RE, resistance exercise; BE, balance exercise; HT, hydrotherapy; ST, stretching training; TC, shadowboxing; NW, Nordic walking; YG, yoga; TB, treadmill balance; DA, dance; FQ, fitness qigong; ESP, elastic strap pilates; AE, aerobic exercise; WLR, weight lifting resistance; EAR, elastic band resistance; CD, couple dance; DTT, dual task training.




TABLE 4 Relative effect sizes of efficacy on BBS, according to network meta-analysis.
[image: Matrix chart comparing different exercise interventions using SUCRA values and pairwise comparisons. The chart features three color-coded sections: yellow for SUCRA values, blue for exercise treatments, and green for pairwise comparisons. Interventions include gait exercise, resistance exercise, stretching training, yoga, treadmill balance, fitness qigong, shadowboxing, hydrotherapy, Nordic walking, dance, and dual task training. Each cell displays SUCRA values and statistical data for comparisons. The legend clarifies the colors and interventions.]



3.4.4 Mini-balance evaluation systems test

The NMA of the Mini-Balance Evaluation Systems Test (Mini-BESTest) is depicted in Figure 7A. In SUCRA, different exercise interventions are ranked in terms of the probability of increasing Mini-BESTest scores, with dance exercise ranking first, as shown in Figure 7B. Network meta-analysis results demonstrate that DA: Dance (SUCRA = 77.9%), YG: Yoga (SUCRA = 76.9%), GE: Gait exercise (SUCRA = 75.6%), FQ: Fitness Qigong (SUCRA = 68.5%), RE: Resistance Exercise (SUCRA = 62.3%), WLR: Weight lifting resistance (SUCRA = 58.7%), and ETP: Elastic strap Pilates (SUCRA = 51%) all show higher improvements in Mini-BESTest scores compared to the control group RC: Routine care (SUCRA = 10.6%). DA: Dance exercise significantly outperforms the control group (RC), with a potential effect estimate (SMD = 5.25, CI = −0.42, 10.92). Furthermore, DA demonstrates significantly better effects compared to other exercise interventions [TTC: treadmill training category (SMD = −2.9, CI = −7.15, 1.35), DTT: Dual task training (SMD = −2.55, CI = −3.89, 8.99), ST: Stretching training (SMD = −2.80, CI = −6.05, 0.45), TB: treadmill Balance (SMD = 3.1, CI = −2.26, 8.46), BE: Balance exercise (SMD = −3.53, CI = −9.41, 2.35), RB: Ride bike (SMD = −3.70, CI = −9.18, 1.78)]. The relative effect size of Mini-BESTest efficacy is shown in Table 5. For consistency testing, a fitted inconsistency model yielded P > F = 0.9091, indicating no significant inconsistency, confirming a consistency model. Furthermore, through node splitting, indirect comparison, and direct comparison, all p-values were greater than 0.05, indicating good model convergence and effective iteration of included studies. See Figure 5 for details.

[image: Diagram A presents a network of various exercise categories, with line thickness indicating relationships. Circles of different sizes represent exercise types like yoga and stretching. Diagram B includes multiple line graphs, each showing cumulative probabilities over a ranking, labeled with different exercise codes such as BE, DA, and RE.]

FIGURE 7
 The NMA figure for Mini-BES Test (A). The SUCRA plot for Mini-BES Test (B). GE, gait exercise; RC, routine care; BE, balance exercise; ST, stretching training; TTC, treadmill training category; RAB, ride a bike; YG, yoga; ESP, elastic strap pilates; DA, dance; RE, resistance exercise; TB, treadmill balance; WLR, weight lifting resistance; FQ, fitness qigong; DTT, dual task training.




TABLE 5 Relative effect sizes of efficacy on Mini-BES Test, according to network meta-analysis.
[image: Bar chart showing pairwise comparisons of exercise treatments. Yellow boxes indicate SUCRA values, blue boxes show exercise treatments, and green boxes represent pair-to-pair comparisons. Interventions include gait exercise, routine care, balance exercise, stretching training, and others. Values and confidence intervals are displayed in each box.]



3.4.5 6-min walk test

The NMA of the 6-min walk test (6MWT) is depicted in Figure 8A. In SUCRA, different exercise interventions are ranked in terms of the probability of improving patients’ 6-min walking distance, with dance exercise ranking first, as shown in Figure 8B. Network meta-analysis results demonstrate that DA: Dance (SUCRA = 80.5%), HAS: High strength and agility (SUCRA = 77.0%), TC: Shadowboxing (SUCRA = 74.9%), BE: Balance exercise (SUCRA = 65.5%), RB: Ride bike (SUCRA = 54.4%), TTC: Treadmill training category (SUCRA = 49.1%), and RC: Routine care (SUCRA = 45.9%), GE: (SUCRA = 45.3%). DA: Dance exercise significantly outperforms the control group (RC) and gait training intervention (GE), providing potential effect estimates [RC (SMD = 71.31, CI = 13.77, 128.84); GE (SMD = −74.56, CI = −209.31, 60.20)]. Furthermore, DA demonstrates significantly better effects compared to other exercise interventions [ST: Stretching training (SMD = −80.11, CI = −172.92, 12.69); BO: Boing (SMD = −93.05, CI = −446.42, 260.32); RE: Resistance Exercise (SMD = 141.01, CI = 4.87, 277.14); WLR: Weight lifting resistance (SMD = 155.28, CI = 26.47, 284.08)]. The relative effect size of the 6-min walk test efficacy is shown in Table 6. For consistency testing, a fitted inconsistency model yielded p = 0.4090, indicating no significant inconsistency, confirming a consistency model. Furthermore, through node splitting, indirect comparison, and direct comparison, all p-values were greater than 0.05, indicating good model convergence and effective iteration of included studies. See Figure 5 for details.

[image: Diagram A shows a network graph illustrating connections and node sizes among various exercise categories such as treadmill training, stretching, balance exercises, and more. Diagram B displays a series of line charts indicating cumulative probabilities for different treatments, including AE, BE, and others, ranked one to fourteen horizontally.]

FIGURE 8
 The NMA figure for 6MWT (A). The SUCRA plot for 6MWT (B). GE, gait exercise; RC, routine care; BE, balance exercise; ST, stretching training; TTC, treadmill training category; RAB, ride a bike; Bo, boxing; YG, yoga; DA, dance; RE, resistance exercise; WLR, weight lifting resistance; TC, shadowboxing; HAS, high strength and agility; NW, Nordic walking; AE, aerobic exercise.




TABLE 6 Relative effect sizes of efficacy on 6MWT, according to network meta-analysis.
[image: SUCRA matrix comparing various exercise interventions. Yellow boxes indicate SUCRA values, blue boxes show exercise treatments, and green boxes display pairwise comparisons. Abbreviations like GE for gait exercise and RC for routine care are explained below the matrix. SUCRA values and intervention names are aligned with corresponding cells in the matrix.]




3.5 Publication bias test

Different funnel plots were created for all outcome measures in this study to examine potential publication bias. Visual inspection of the funnel plots did not reveal any significant publication bias. Figure 5 displays the funnel plots for MDS-UPDRS-III (Figure 5A), TUG (Figure 5B), 6MWT (Figure 5C), BBS (Figure 5D), Mini BES Test (Figure 5E), with all p-values >0.05.




4 Conclusion

This network meta-analysis and systematic review investigated the effectiveness of various exercise interventions on the mobility of Parkinson’s disease (PD) patients. A total of 111 studies were included, involving 5,358 participants, 133 intervention experiments, and 31 intervention measures. This study analyzed the improvement in mobility of PD patients through direct and indirect comparisons of different exercise interventions. The results showed that archery became the most effective intervention for reducing MDS-UPDRS-III scores and improving patient mobility (32, 61), while shadowboxing was the most effective intervention for improving BBS test scores in PD patients (44). High strength and agility training could significantly reduce the time taken by patients to perform TUG (91, 92), while dance was found to be the best exercise intervention for significantly improving Mini-BES Test scores and the walking distance in the 6MWT (68, 82, 94–96).

Of particular note, based on the comprehensive ranking of the five test results in this study, we suggest that slow-paced, balance-focused exercises such as tai chi, dance, and archery may be the most suitable exercise interventions for enhancing postural balance and mobility in PD patients. Conversely, faster-paced and higher-intensity exercises like high-intensity agility training may help patients with rapid movements, balance maintenance, and even aid in initiating movements to alleviate freezing of gait.

In terms of balance assessment, we selected the BBS and Mini-BES Test as two balance testing indicators. The former evaluates the ability to maintain safe balance in a series of predetermined tasks excluding gait assessment, while the latter, a simplified version of the Balance Evaluation Systems Test (BESTest), focuses solely on dynamic balance, making it more clinically applicable and able to differentiate between mild to moderate PD patients. The Time Up and Go test (TUG) is a simple and commonly used scale to assess the walking ability of the elderly (97). The 6MWT has been widely used to evaluate patients’ exercise tolerance, medical intervention effects, and disease prognosis, demonstrating good practicality and effectiveness. Finally, by combining these three tests with the MDS-UPDRS-III, this study synthesized them into a comprehensive indicator for assessing the mobility of PD patients.

As described above, tai chi, dance, archery, and high-intensity agility training are the most effective interventions for improving patient mobility (alleviating balance symptoms and improving walking ability), and I believe the underlying mechanisms behind these effects can be partially explained by two factors:

Firstly, targeted training can effectively improve the corresponding symptoms of patients. Compared to other exercise interventions, tai chi and dance are moderate-intensity aerobic exercises. In tai chi, movements involve diagonal motion (stepping out at a 45° angle from the body), which allows patients to stand with their feet apart and maintain balance without falling, thereby promoting lower limb muscle training and improving lower limb stability. Dance intervention, on the other hand, involves various components including balance maintenance, auditory, visual, and sensory reaction, memory, perception, expression, and social interaction (98), which may address stiffness, bradykinesia, and postural instability associated with PD (99–101), and also create a sense of pleasure through a combination of physical exercise and mental regulation, thereby improving compliance (102), stimulating the basal ganglia circuitry and reward system to evoke positive emotions (103). The rhythmic beats in dance and the rhythm of dance movements help improve patients’ freezing gait and enhance their mobility.

Archery is one of the earliest sports introduced into medical treatment for paralysis and quadriplegia. It is considered an ideal remedial exercise (104), activating the latissimus dorsi and serratus anterior muscles in the trunk. Additionally, it exercises the hand muscles involved in drawing the bow, all finger muscles, and wrist extension. When PD patients focus on drawing the bow, pulling the bowstring, twisting the hand, and releasing the arrow successfully, all the muscle groups involved are activated, thus offering the potential for strength enhancement. PD patients also exhibit a strong desire to hit the target during archery practice, which leads to continuous conscious control of their bodies. Therefore, continuous practice of archery can improve upper limb function, body stability, and elevate patients’ mood, effectively improving non-motor symptoms (32). However, there are not many randomized controlled trials (RCTs) currently using archery for intervention in Parkinson’s disease (PD), and a large number of RCTs are still needed to confirm these advantages.

Secondly, learning multiple skills and continuous practice can improve patients’ executive function and spatial perception, leading to significant changes in posture balance and mobility. These top-ranking exercise interventions are complex and demanding. Continuous practice can increase patients’ ability to allocate cognitive resources in time and space. For instance, high-intensity agility training was found to be the best exercise for the TUG index in this study. In this study, patients engaged in visual training: (1) quickly dodging simulated objects coming toward them, (2) performing extensive movements within a 6 square meter area to accurately target, and (3) accurately and quickly imitating the actions of companions on the screen. For PD patients, frequent external signal stimulation can increase striatal activity or promote the damaged basal ganglia-SMA loop to drive sensory-motor network activity, thereby improving patients’ mobility and compensating for the loss of dopaminergic stimulation. These benefits include helping PD patients create complex coordinated movement sequences and improving overall postural balance performance.

In fact, for PD patients, the preference or choice of exercise mode may not be particularly important, but long-term adherence to one exercise intervention, regardless of the type, may be more important than the choice of exercise mode itself.


4.1 Advantages and limitations

Firstly, this study is the most comprehensive and systematic comparative meta-analysis of the impact of exercise on the mobility of Parkinson’s disease (PD) patients. It included a total of 111 studies involving 5,358 participants, 133 intervention experiments, and 31 intervention measures. In contrast to other similar studies, we classified and refined exercise interventions. For example, we categorized interventions based on binary rhythm as one group, with partner dances (tango, waltz) as another, independent of the broader dance category (Irish dance, improvised dance). SUCRA proved that this decision was correct, providing us with a clearer understanding of exercise interventions to improve mobility in PD patients. In the analysis of the MDS-UPDRS-III indicator, Duality Rhythm Dance (SUCRA = 80.8%) ranked in the top three. This is a new discovery in this network meta-analysis (NMA) and a major highlight distinguishing it from previous NMAs. In previous studies, it was found through the analysis of previous randomized controlled trials that dance, dual-task training, rhythmic auditory training, and high-intensity resistance training significantly improved mobility in PD patients (105, 106). In the analysis of this NMA, these intervention measures also ranked highly, maintaining significant consistency with previous findings. However, previous reviews did not refine some distinctive exercise interventions, such as categorizing tai chi, fitness qigong, and boxing as one category, and categorizing various types of dances into one group (61). Although this classification yielded results, it still does not allow precise selection of appropriate interventions for patients and clinicians.

However, our study also has several limitations. Firstly, our NMA only included randomized controlled trials of PD patients with an average Hoehn-Yahr stage value of 1–3; therefore, the results of the NMA may not be generalizable to all PD patients. Secondly, there is heterogeneity in the frequency and duration of exercise interventions in the trials. Thirdly, although we comprehensively searched literature on exercise interventions for PD patients’ mobility, the language was limited to English, which may lead to selection bias. Fourthly, many comparisons of intervention measures only included a small number of trials, which may affect the accuracy of conclusions. Fifthly, the MDS-UPDRS-III score examines the severity of motor symptoms and disease progression in PD, with higher scores indicating more severe disease and progression. Although the people included in the analysis were classified as early to mid-stage (Hoehn-Yahr stage values of 1–3) PD, the MDS-UPDRS-III scores varied.

Finally, most studies did not report concealed allocation, which may lead to selection and performance bias. Therefore, these rankings have potential uncertainty and may not fully reflect reality. In the future, rigorously designed randomized controlled trials with larger sample sizes are needed to verify these findings.
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Background: Parkinson’s disease (PD) is a chronic, progressive neurodegenerative disorder primarily affecting the elderly. Relevant studies suggest a significant connection between the mitochondria and PD. Publications exploring this connection have steadily increased in recent years. This study employs a bibliometric approach to comprehensively analyze the current status and future directions of the research on mitochondria and PD.
Method: We retrieved data from the Web of Science database and used CiteSpace, VOSviewer, and “Bibliometrix” software to visually analyze various aspects of the research field. These aspects included the number of published papers, contributing countries and institutions, authors, publishing journals, cited references, and keywords.
Results: Our analysis identified a total of 3,291 publications involving 14,670 authors from 2,836 organizations across 78 countries. The publication volume exhibited a continuous upward trend from 1999 to 2023. The United States emerged as the leading force in this research area, contributing the highest number of high-quality publications. Notably, the United States collaborated extensively with Germany and the United Kingdom. The University of Pittsburgh stood out as the most prolific institution. Harvard University had the highest academic influence and closely cooperated with the University of Pittsburgh, Juntendo University, and McGill University. Dr. Hattori Nobutaka was identified as the most prolific author, while Dr. Youle, Richard J emerged as the most influential author based on the highest average citation frequency. The Journal of Neurochemistry was the most published journal. The most co-cited paper was titled “Hereditary early-onset Parkinson’s disease caused by mutations in PINK1.” The major keywords included oxidative stress, alpha-synuclein, pink1, mitophagy, and mitochondrial dysfunction. Mitofusin 2, ubiquitin, and mitochondrial quality control have been identified as new research hotspots in recent years.
Conclusion: Mitochondria-PD research is experiencing a steady increase in activity, fueled by increasing close collaboration between countries and different institutions. However, there is a need to further strengthen collaboration and communication between developed and developing nations. Current research has focused on the specific mechanisms of mitochondrial dysfunction and their relationship with PD. Mitofusin 2, ubiquitin, and mitochondrial quality control are positioned to be the hotspots and future research directions.
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1 Introduction

Parkinson’s disease (PD) is a chronic, progressive neurodegenerative disorder characterized by the progressive degeneration of dopaminergic neurons in the brain (1). This degeneration manifests as motor symptoms, such as bradykinesia, rigidity, resting tremor, and postural instability (2). These symptoms progressively worsen, interfering with daily activities and quality of life. PD is a complex condition with multiple contributing factors, including environmental exposures, genetic predisposition, and aging. Despite extensive research, the precise mechanisms underlying the pathogenesis of PD remain unclear, prompting ongoing exploration of new therapeutic targets and strategies.

Mitochondria, as energy-producing organelles, provide essential energy for neuronal activity (3). They are involved in a range of cellular processes, including oxidative phosphorylation (4), calcium signaling (5), and apoptosis (6). In neurons, mitochondria are particularly important as they fuel synaptic transmission and neuronal survival. Mitochondrial dysfunction has been implicated in numerous neurological diseases, with PD being a prime example (7). The relationship between mitochondria and PD has attracted significant attention in recent years. Mitochondrial dysfunction can result in dopaminergic neuronal degeneration (8), a key factor in PD pathogenesis. Additionally, PD patients exhibit abnormalities in mitochondrial morphology, function, and dynamics (9), further strengthening the link between mitochondrial dysfunction and PD. Targeting mitochondria for novel treatments holds promise as a potential effective therapeutic approach for PD. With the development of aging societies, research on the link between mitochondria and PD has gradually become a major focus. While numerous studies have been published, a comprehensive analysis of the current research status and development frontiers in the field of mitochondria and PD is lacking.

Bibliometric analysis, a systematic statistical analysis method (10), offers a powerful tool for effectively exploring knowledge structures and identifying research hotspots and future directions. This is made possible through the visualization of data and network collaboration maps (11). In this study, we utilized bibliometric analysis to systematically examine the relationship between mitochondria and PD. We aimed to identify influential authors, key research themes, and emerging trends within this rapidly evolving field. By doing so, we aimed to contribute to a more profound understanding of the role of mitochondria in the pathogenesis of PD.



2 Methods


2.1 Search strategy and data sources

We used the Web of Science (WoS) database, a comprehensive and authoritative literature retrieving tool encompassing literature from various scientific disciplines, for data retrieval. WoS is considered to be the most suitable database for bibliometric analysis (12). Data were collected from the WoS core collection. Specific filters were applied using the WoS topic search function (Topics, TS). The search formula was ((((TS = (mitochondria)) OR TS = (mitochondrion)) OR TS = (chondriosome)) OR TS = (plastosome)) AND TS = (Parkinson’s disease). To ensure that the most up-to-date data was included, the search timeframe was set before January 1, 2024. Additionally, the search was restricted to articles and reviews published in English. Meeting abstracts, proceedings papers, editorial material, and other types of publications were excluded. It was speculated that although the initial topic search may contain ostensibly related literature, it can also include marginally related or irrelevant literature. To address this, two members of the research team checked and analyzed the literature, manually screening to exclude irrelevant literature, resulting in a final dataset of 3,291 publications for analysis. The literature screening process is illustrated in Figure 1.

[image: Flowchart illustrating the selection process for scientific publications. The initial pool is 4,132 publications from the Web of Science. A search is conducted for publications related to mitochondria, chondriosome, or plastosome in Parkinson's disease before January 1, 2024. Retained publications include 2,363 articles and 928 reviews, totaling 3,291 eligible publications. Exclusions include meeting abstracts (40), editorial materials (59), proceedings papers (105), letters (5), retractions (1), expressions of concern (3), book chapters (34), early access (12), corrections (3), news items (2), non-English publications (20), and irrelevant articles (557). Concludes with bibliometric analysis.]

FIGURE 1
 Flowchart of literature selection.




2.2 Data analysis

CiteSpace, VOSviewer, and “Bibliometrix” software were used for the bibliometric analysis. These tools hold much significance in analyzing literature visualization. They are also recognized and used by most scholars. CiteSpace is a practical literature software for quantitative analysis, which can present the structure and distribution of scientific knowledge (13). VOSviewer can visually analyze the knowledge in the research field and provides multiple types of view interpretation (14). Bibliometrix is an R package that collates relevant literature in the field and visualizes the results (15).




3 Results


3.1 Scientific publications related to PD and mitochondria

A total of 3,291 publications were involved in this study, including 2,363 articles (71.8%) and 928 reviews (28.2%). These publications were written by 14,670 authors from 2,836 organizations in 78 countries. They were published in 625 journals and cited 121,199 references from 7,996 journals.



3.2 Temporal trend of publication outputs

The number of publications reflected the research trends. In the investigated time frame, publications on mitochondria and PD increased significantly compared with publications on other PD-related research topics (Figure 2A). From 1999 to 2023, a total of 3,921 publications were published on mitochondria and PD, with the number of publications showing an upward trend (Figure 2B). The time trend change can be divided into two periods. In the first period, from 1999 to 2007, the number of publications increased slowly, with fewer than 100 publications each year. In the second period, from 2008 to 2023, the number of publications increased rapidly, with a peak of 264 publications in 2020.

[image: Panel A is a stacked area graph showing the increasing number of publications from 2000 to 2023 on topics like mitochondria and Parkinson's disease, highlighted in various colors. Panel B is a line graph displaying the annual number of publications from 1999 to 2023, peaking at 264 in 2020 before declining to 174 in 2023.]

FIGURE 2
 Research results. (A) Number of publications on mitochondria and Parkinson’s disease (PD) was compared with other topics. (B) Trend in the number of publications on mitochondria and PD from 1999 to 2023.




3.3 Geographic distribution and national collaboration

The heat map of the geographical distribution of publications revealed a concentration of research activity in North America, Asia, and Europe, with notable collaboration among these regions (Figure 3A). Researchers from 78 countries have contributed to the field of mitochondria and PD research. Among these countries, the United States ranked first (1,160 publications), followed by China (545 publications) and the United Kingdom (346 publications) (Figure 3B). The United States emerged as the leading force in this research area, contributing the highest number of high-quality publications and demonstrating strong collaborative ties with Germany and the United Kingdom (Figure 3C).

[image: Map highlighting the number of publications by country, with darker shades indicating higher numbers. Bar chart displaying publication counts for top countries: USA leads with 1160, followed by China with 545, and the UK with 346. Network graph illustrating collaborative connections among countries, with prominent nodes for the USA, China, Germany, and the UK.]

FIGURE 3
 Analysis of countries. (A) Geographic distribution of countries. (B) Top 10 countries in terms of the number of publications. (C) The map of collaboration network between countries. The thicker the line, the closer the collaboration.




3.4 Research organizations

In terms of the number of publications, four of the top 10 organizations were located in the United States. The University of Pittsburgh topped the list with 76 publications, followed by University College London (69 publications), Harvard University (52 publications), and Johns Hopkins University (52 publications) (Table 1). Harvard University had the highest academic influence and maintained close collaboration with the University of Pittsburgh, Juntendo University, and McGill University (Table 1; Figure 4A). In organizational research outbreaks, the University of Cambridge, the University of Luxembourg, and the University of Lubeck have been identified as emerging and active organizations in recent years (Figure 4B).



TABLE 1 The top 10 productive institutions.
[image: Table displaying the top ten institutions ranked by documents, citations, and average citation number. University of Pittsburgh ranks first with seventy-six documents and an average of 100.34 citations. The institutions include University College London, Harvard University, and others, with varying numbers of documents and citations.]

[image: A network visualization with four panels. Panel A shows collaborative relationships between universities, using nodes and connecting lines with varying thickness and colors to indicate connection strength. Panel B is a timeline graph displaying the research strength of various institutions from 1999 to 2023, with bars indicating different time periods. Panels C and D depict co-authorship networks, highlighting individual researchers with nodes of varying sizes and colors based on their collaborative intensity and contribution. Each panel uses a color gradient from yellow to red to signify increasing strength or importance.]

FIGURE 4
 Analysis of organizations and authors. (A) Network collaboration map of top 10 organizations. (B) Top 10 organizations with the strongest citation bursts. (C) Author collaboration network diagram. (D) Co-cited author collaboration network diagram.




3.5 Authors and co-cited authors

An analysis of the authors associated with publications can identify prominent scholars and key forces within the research field. Dr. Hattori Nobutaka emerged as the most prolific author with 42 papers, followed by Dr. Beal, M. Flint (40 papers) and Dr. Chu, Charleen T (28 papers). These highly productive authors all benefited from stable collaboration networks and research teams (Figure 4C). Dr. Youle, Richard J stood out as the most influential author based on the highest average citation frequency (879.67 citations/literature) (Table 2). Notably, two teams—one comprised of Dr. Cardoso, Sandra M and Dr. Swerdlow, Russell H, and the other comprised of Dr. Greenamyre, JT, and Dr. Sherer, TB—demonstrated close collaboration and have published high-quality articles.



TABLE 2 Top 15 authors.
[image: Table listing top authors by rank, showing their publications, citations, average citations, country, and institution. Dr. Hattori Nobutaka ranks first with forty-two documents and four thousand one hundred seventy-nine citations, averaging ninety-nine point five citations, affiliated with Juntendo University, Japan. Other notable authors include Dr. Beal Myron Flint in the USA and Dr. Chu Charleen T.]

Co-cited authors refer to instances where two or more authors are cited together in the same publications. Among the top 10 most-cited authors, seven authors were cited over 500 times. Dr. Schapira, Ahv was the most cited author (1,401 times), followed by Dr. Narendra, Derek P (1,109 times) and Dr. Beal, M. Flint (610 times) (Table 3; Figure 4D).



TABLE 3 Top 10 co-cited authors.
[image: Table displaying rankings of ten researchers by citations. Columns include rank, author name, citations, country, and institution. Top ranked is Dr. Schapira with 1,401 citations from the UK, affiliated with University College London. Other countries represented are USA, Italy, and Japan. Institutions include NIH, Weill Cornell, and University of Pavia.]



3.6 Journals and co-cited journals

A Bradford’s law analysis (16) identified 23 core journals in the field of mitochondria and PD research (Figure 5A). These core journals were primarily concentrated in neurology and biology fields (Figure 5B), with 1,107 publications, accounting for 33.64% of total publications. The top three core journals with the most publications were the Journal of Neurochemistry (102 publications, 3.1%), International Journal of Molecular Sciences (99 publications, 3.01%), and Neurobiology of Disease (60 publications, 1.8%) (Table 4). It is noteworthy that the Journal of Neurochemistry has the highest quality of literature with an average citation frequency of 106.22.

[image: A composite image showing five different panels related to academic research analysis:   A. A graph illustrating core sources by Bradford's Law with a notable drop in frequency on the x-axis.   B. A network diagram with nodes representing journals connected by lines indicating citation relationships, color-coded for clarity.   C. Another detailed network graph depicting a larger set of interrelated academic sources, color-coded by thematic clusters.   D. A visual cluster map highlighting themes like mitochondria and autophagy, differentiated by color.   E. A table of references with corresponding citation strengths over time, represented by horizontal bars in a timeline from 1998 to 2023.]

FIGURE 5
 Analysis of journals and co-cited references. (A) Core journals. (B) Interconnections of core journals. (C) Network map of co-cited journals. (D) Cluster analysis of co-cited literature. (E) Top 30 references with the strongest citation bursts.




TABLE 4 List of the core journals.
[image: Table ranking academic journals by documents, citations, average number of citations, impact factor (IF), and journal citation reports (JCR). Top-ranked is Journal of Neurochemistry with 102 documents and 10,834 citations. Other journals listed include International Journal of Molecular Sciences, Neurobiology of Disease, and Plos One, with JCR ranging from Q1 to Q3.]

A co-cited journal network analysis is presented in Figure 5C. The effect of a journal is closely related to the number of citations. The top three co-cited journals were the Journal of Biological Chemistry (12,086 citations), Proceedings of the National Academy of Sciences of the United States of America (10,868 citations), and the Journal of Neurochemistry (8,054 citations) (Table 5).



TABLE 5 Top 10 cited journals.
[image: Table listing academic journals by rank with columns for source, citations, impact factor (IF), and journal citation reports (JCR) category. Top-ranked is "Journal of Biological Chemistry" with 12,086 citations and 4.8 IF, categorized in Q2. Second is "Proceedings of the National Academy of Sciences of the United States of America" with 10,868 citations, 11.1 IF in Q1. "Cell" is ranked tenth with 3,875 citations and 64.5 IF in Q1.]



3.7 Co-cited references and reference bursts

Co-cited references formed the basis of the research field. The top 10 cited references are listed in Table 6. The most co-cited paper (503 citations) was “Hereditary early-onset Parkinson’s disease caused by mutations in PINK1,” published in the journal Science with an impact factor of 56.9. This was followed by “Parkin is recruited selectively to impaired mitochondria and promotes their autophagy” (455 citations) and “Mutations in the parkin gene cause autosomal recessive juvenile parkinsonism” (433 citations). A cluster analysis of co-cited literature was performed using CiteSpace. The color of nodes in the cluster from dark blue to yellow and red reveals the shift in research focus over time (Figure 5D). While “mitochondrial membrane permeability transition” and “cytochrome” received attention in the past, recent research has shifted toward “parkin,” “dynamin-related protein 1,” and “mitophagy”.



TABLE 6 Top 10 co-cited references.
[image: Table listing top ten articles on Parkinson's disease research, ranked by citation times. Includes data on rank, title, type, citation times, year, journal, impact factor, and JCR category (all Q1). Titles cover topics like PINK1 mutations and mitochondrial dysfunction. Highest citation is 503 and lowest is 312.]

Reference bursts reflect the number of citations within a specific timeframe. Among the strongest reference bursts, the most highly cited articles in recent years were “Parkinson’s disease,” “Parkin and PINK1 mitigate STING-induced inflammation,” and “Mitochondrial dysfunction in Parkinson’s disease: New mechanistic insights and therapeutic perspectives” (Figure 5E).



3.8 Keywords

Keyword analysis helps identify research hotspots and key areas within a research field. In the field of mitochondria and PD, frequently occurring keywords included oxidative stress (1,188 times), alpha-synuclein (677 times), neurodegeneration (520 times), apoptosis (436 times), pink1 (403 times), mitophagy (390 times), autophagy (352 times), and mitochondrial dysfunction (361 times) (Figure 6A). Keyword cluster analysis revealed that “pink1,” “apoptosis,” and “Parkinson’s disease” clusters were prominent research topics attracting significant scholarly attention in recent years (Figure 6B).

[image: A. Network visualization showing interconnected keywords related to Parkinson's disease, represented by nodes in various colors indicating clustering. B. Cluster density visualization with color gradients highlighting topic relevance. C. Timeline bar chart of keyword occurrences from 1999 to 2023, showing strengths and periods in red and blue bars.]

FIGURE 6
 Analysis of keywords. (A) Network map of keywords. (B) Cluster analysis of keywords. (C) Top 30 keywords with the strongest citation.


Keywords with the strongest bursts identify phrases that appear frequently within a short period, reflecting shifts in research focus over time. The top three bursts were “electron transport chain” (strength = 20.11), “brain mitochondria” (strength = 19.47), and “damaged mitochondria” (strength = 16.87) (Figure 6C). “Electron transport chain,” “nitric oxide synthase,” and “induced apoptosis” have been the longest-lasting hot spots in the last two decades. The keywords that broke out in the past 3 years primarily focus on “mitofusin 2,” “ubiquitin,” and “mitochondrial quality control.”




4 Discussion

In recent years, the relationship between mitochondria and PD has gradually attracted considerable attention from the scientific community. Furthermore, publications on mitochondria and PD have grown significantly compared with publications in other PD-related research areas within the investigated time frame. Therefore, it is necessary to comprehensively analyze the progress and hotspot changes in this research field to provide an intuitive understanding to researchers. To analyze publications related to mitochondria and PD, we used bibliometric analysis, aiming to further explore the development of this research field and predict emerging trends.

The number of publications can reflect the development of the current research field. From 1999 to 2023, publications on mitochondria and PD steadily increased. This upward trend suggests a potential link between the development of this research field and the acceleration of the aging population. As societies age, exploration of the mechanisms of geriatric diseases such as PD has attracted increasing attention. A geographical analysis revealed a concentration of research activity in North America, Asia, and Europe, with notable collaborations among these regions. The top three countries in terms of the number of publications were the United States, China, and the United Kingdom. The United States was the main force in research with the highest quality of publications. Four of the top 10 organizations were from the United States. Harvard University had the highest academic influence and closely collaborated with the University of Pittsburgh, Juntendo University, and McGill University. The main research forces were concentrated in developed countries, so it is particularly important to strengthen academic communication and collaboration between developed and developing countries to promote the development of this research field.

In terms of authors, Dr. Hattori Nobutaka was the most prolific author (42 papers), followed by Dr. Beal, M. Flint (40 papers), and Dr. Chu, Charleen T (28 papers). Dr. Hattori Nobutaka comes from Juntendo University. His primary research area is Neurosciences & Neurology. In 2010, Dr. Hattori Nobutaka and his research team discovered that PINK1 recruited Parkin to damaged mitochondria for mitochondrial degradation in a membrane potential-dependent manner (17). Afterward, in 2020, they found that loss of Parkin led to mitochondrial accumulation and that the impairment of mitochondrial clearance may be the cause of dopaminergic neuron loss (18). In the same year, they discovered that mitochondrial UQCRC1 mutations contributed to familial parkinsonism (19). In recent years, their main research has focused on the gene PRKN (20) and proteins related to mitochondrial function, such as FBXO7 (21) and CHCHD2 (22). It is noteworthy that Dr. Youle, Richard J is the most influential author with the highest average citation frequency of literature (879.67 citations/literature). Dr. Youle, Richard J comes from NIH’s National Institute of Neurological Disorders and Stroke. His main research areas are cell biology, neuroscience, and neurology. In 2011, Dr. Youle, Richard J and his research team elaborated on the mechanism of mitophagy and its link with PD, which attracted great attention in the academic community (23). In 2012, they explored mitochondrial fission, fusion, and stress, while also further describing the association of mitochondrial fission, fusion, and stress with PD (24). Subsequently, in 2018, they found that PINK1 and Parkin mitigated inflammation in PD by mediating mitophagy (25). With regards to group collaboration, the team of Dr. Cardoso, Sandra M and Dr. Swerdlow, Russell H explored the effect of mitochondrial dysfunction on α-synuclein (26, 27). Dr. Greenamyre, JT and Dr. Sherer, TB focused on rotenone models of PD concerning mitochondrial dysfunction (28–30). Their findings not only provided important insights into the role of mitochondria in the pathogenesis of PD but also provided new ideas for treatment and drug development. These research efforts have significantly influenced the research direction of mitochondria and PD, which has promoted the progress and development of the entire research field.

Concerning journals, the Journal of Neurochemistry was the most widely published (102 articles, 3.1%), with the highest average number of citations (106.22), followed by the International Journal of Molecular Sciences (99 articles, 3.01%) and Biology of Neurological Diseases (60 articles, 1.8%). The top three co-cited journals were the Journal of Biological Chemistry (12,086 citations), followed by Proceedings of the National Academy of Sciences of the United States of America (10,868 citations) and the Journal of Neurochemistry (8,054 citations). Among the top 10 cited journals, seven were located in JCR Q1 with high quality. Cited journals comprised the basis of citing journals, which provided references to support the current research.

Co-cited references formed the basis of the research field. The literature “Hereditary early-onset Parkinson’s disease caused by mutations in PINK1” was the most co-cited paper (503 citations), followed by “Parkin is recruited selectively to impaired mitochondria and promotes their autophagy” (455 citations) and “Mutations in the parkin gene cause autosomal recessive juvenile parkinsonism” (433 citations). These top-cited articles focusing on mutations in PINK1 and Parkin genes and their interactions represent the foundational research on mitochondria in PD.

Keywords represent the core research content of the literature. Keyword analysis can quickly reflect the hotspot distribution and focus in the research field. Beyond PD and mitochondria, frequently occurring keywords included oxidative stress, alpha-synuclein, neurodegeneration, PINK1, mitophagy, and mitochondrial dysfunction. Oxidative stress is a key player in PD pathogenesis. It elevates reactive oxygen species (ROS) within cells, which can directly damage mitochondria and contribute to the degeneration of dopaminergic neurons (31). Alpha-synuclein, the major component of Lewy bodies, a hallmark of PD pathology, accumulates abnormally (32). This aggregation can exacerbate mitochondrial oxidative stress (33) and increase ROS production (31), which leads to neurodegeneration. Mutations in the PINK1 gene are a frequent cause of autosomal recessive PD (34). Localized to the mitochondria, PINK1 regulates the balance between mitochondrial fission and fusion (35). Additionally, PINK1 acts upstream of Parkin, recruiting Parkin to the mitochondria to initiate autophagy in damaged mitochondria (36). Senescent and damaged mitochondria are eliminated by mitophagy, and the PINK1/Parkin pathway plays a crucial role in this process (37). Mitochondrial dysfunction manifests primarily as abnormalities in mitochondrial morphological structure and function, including mitochondrial number abnormalities, mitochondrial DNA damage, and mitochondrial-related protein abnormalities. Research has revealed a close association between mitochondrial DNA variations, complex I deficiency, and PD (38). Moreover, a related study has revealed that genetic abnormalities In Parkin, PINK1, DJ-1, and LRRK2 could lead to mitochondrial dysfunction and were associated with monogenic PD (39). These keywords reflected that the focus of research was concentrated on the specific mechanisms of mitochondrial dysfunction and their relationship with PD. The study of genes, proteins, and pathways related to mitochondrial function remains the mainstream direction of the present research.

The core themes and domain structure can be quickly identified from the massive literature through the keyword cluster analysis of the literature, and the research and development of this field can be further understood. In recent years, “pink1,” “apoptosis,” and “Parkinson's disease” clusters have been important research topics in this field with regard to cluster analysis. Dr. Klein, Christine, Dr. Valente, Enza Maria, and Dr. Muqit, Miratul M K contributed to the “pink1” research topic. Dr. Maruyama, Wakako and Dr. Naoi, Makoto made many contributions to the topic of “apoptosis.”

Animal models of PD mainly included the mouse model, rat model, Caenorhabditis elegans model, drosophila model, zebrafish model, and monkey model. Rotenone, 6-OHDA, and MPTP were the commonly used drugs in the process of construction of animal models of PD (40–42). The SH-SY5Y neuroblastoma cells and primary neuronal cultures are widely used for the cell model (43). Mitochondria-targeted biomimetic nanoparticles can promote neuronal mitochondrial biogenesis by regulating the NAD/SIRT1/PGC-1α/PPARγ/NRF1/TFAM pathway, thereby ameliorating mitochondrial dysfunction and alleviating PD symptoms (44). Clinical studies are also exploring gene therapy, drug therapy, and other methods to improve mitochondrial function to further treat PD. Gene therapy has been used to treat mitochondrial dysfunction in PD, mainly including enhancing dopamine synthesis (45), improving neurotrophic factors expression (46), and in the regulation of the human basal ganglia circuits (47). Coenzyme Q10, with its antioxidant properties, has demonstrated potential in reducing oxidative stress by protecting the mitochondrial membrane (48). Studies have suggested that PD patients with enrichment of mitochondrial gene risk variants may benefit from mitochondrial enhancer of coenzyme Q10 treatment (49). Oral administration of nicotinamide riboside (NR) can increase the level of nicotinamide adenine dinucleotide (NAD), thereby mitigating mitochondrial dysfunction and alleviating PD symptoms (50). Clinical trials have demonstrated great tolerability for NR treatment, with evidence of elevated levels of NAD in the brains of patients (51). The development of drugs that specifically target mitochondria holds promise as a potential treatment strategy for PD and warrants further investigations in larger clinical trials.

In recent years, popular research topics have mainly included mitofusin 2, ubiquitin, and mitochondrial quality control. These research hotspots may serve both as the latest research trends and as future research directions. Mitofusin 2 is a mitochondrial outer membrane protein, which is involved in the mitochondrial dynamic process (52). Loss of mitofusin 2 can lead to damage of the mitochondrial respiratory chain (53). It has also been demonstrated that mitofusin 2 had an imperative role in axonal mitochondrial transport (54) and axonal projections of dopaminergic neurons (55). Ubiquitination targets mitochondrial proteins for degradation through mitophagy (56). Parkin, for instance, can ubiquitinate certain candidate substrate proteins, tagging them for proteasomal degradation (57). Mitochondrial fission, fusion, mitophagy, and mitochondrial biogenesis are involved in mitochondrial quality control, and they coordinate with each other to regulate the quantity and quality of mitochondria (58). Defective mitochondrial quality control has been implicated in the development of PD (59). The identification of these emerging research hotspots has helped to reveal the research dynamics of mitochondria and PD, paving the way for future advancements in our understanding and treatment of the disease.

This study has some limitations. First, the analysis was limited to review articles and original research publications in English. This approach may have excluded relevant research published in other languages or formats. Second, with the continuous update of the WoS database, the included publications may differ slightly from the actual number of publications.



5 Conclusion

The bibliometric analysis of mitochondria and PD provides valuable insight into the current research status and development trend. Research related to mitochondria and PD is expanding considerably. There is growing collaboration among different countries, institutions, and authors. However, the collaboration and exchange between developed and developing countries needs to be further strengthened. Current research has focused on the specific mechanisms of mitochondrial dysfunction and their relationship with PD. Emerging research hotspots will likely include mitofusin 2, ubiquitin, and mitochondrial quality control, which are likely to shape future research directions in this field.
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Primary cilia (PC) are microtubules-based, independent antennal-like sensory organelles, that are seen in most vertebrate cells of different types, including astrocytes and neurons. They send signals to cells to control many physiological and cellular processes by detecting changes in the extracellular environment. Parkinson’s disease (PD), a neurodegenerative disease that progresses over time, is primarily caused by a gradual degradation of the dopaminergic pathway in the striatum nigra, which results in a large loss of neurons in the substantia nigra compact (SNpc) and a depletion of dopamine (DA). PD samples have abnormalities in the structure and function of PC. The alterations contribute to the cause, development, and recovery of PD via influencing signaling pathways (SHH, Wnt, Notch-1, α-syn, and TGFβ), genes (MYH10 and LRRK2), defective mitochondrial function, and substantia nigra dopaminergic neurons. Thus, restoring the normal structure and physiological function of PC and neurons in the brain are effective treatment for PD. This review summarizes the function of PC in neurodegenerative diseases and explores the pathological mechanisms caused by PC alterations in PD, in order to provide references and ideas for future research.
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1 Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder (Jagadeesan et al., 2017). Since the 1990s, there have exceeded 7 million patients with PD worldwide. This figure is anticipated to increase as the global population ages and life expectancy increases (Rajan and Kaas, 2022). PD has become a common neurological disease in the 20th century, with recent data showing that there are at least a million patients with PD in the US, spending about $52 billion a year on treatment, and Chinese citizens with more than 3.6 million PD (Grotewold and Albin, 2024). The cardinal manifestations of PD include rigidity, slowness of movement, postural instability, gait dysfunction, rest tremors, and a variety of other dysfunctions of the tomotor and non-motor functions (Videnovic and Golombek, 2013; Capriotti and Terzakis, 2016). The underlying cause of PD is the progressively worsening dopaminergic pathway in the striatum nigra, which results in a significant loss of neurons in the substantia nigra compact (SNpc) and a deficiency of dopamine (DA) (Weintraub et al., 2022). Emerging studies suggest that both the growth of the brain and brain disorders depend heavily on PC (Park et al., 2019), and the pathology of PD is associated with defective PC (Gazea et al., 2016).

PC are microtubules-based, independent antennal-like sensory organelles, that are seen in most vertebrate cells of different types (Tereshko et al., 2022). The PC structure consists of basal bodies, transition regions, and axons (Ma et al., 2021). Microtubules are surrounded by the lateral ciliary membrane attached to the cell membrane (Mill et al., 2023). A large number of receptors involved in signal transduction exist on the ciliary membrane, such as Sonic hedgehog (SHH), WNT, and Notch (Patel and Smith, 2023). The basal body consists of several Bardet-Biedl syndrome (BBS) proteins, whose BBS proteins are essential for PC transport. And ciliary transport is regulated by intrafylagellar transport (IFT) (Lacey et al., 2023; Tian et al., 2023; Yeo et al., 2023; DeMars et al., 2023). The transition zone (TZ) of the ciliary base controls the lateral diffusion of membrane proteins between the cell body and the cilia (Zaidi et al., 2022; Gopalakrishnan et al., 2023). PC are able to detect changes in the extracellular environment and transmit signaling information to cells to regulate diverse cellular, developmental, and physiological processes (Silva and Cavadas, 2023). Thus, ciliary damage can lead to dysregulated signaling, leading to ciliopathy, which affects most of the tissues or organs of the body.

Newborn neurons rely on PC for synapsis; deficiencies in PC cause shorter neuronal dendrites and impaired neural integration into the adult brain, triggering a series of degenerative diseases (such as PD, AD, etc.) (Kumamoto et al., 2012). It has been shown that an important factor in the formation of PC is cellular senescence, and that the increased number and length of PC are associated with decreased cell proliferation (Zhao et al., 2018; Gallage and Gil, 2014; Jeffries et al., 2019). The ciliated DEGAs in the 16 brain areas largely encoded the basal body and axonal components (Chen et al., 2021). The majority of DEGA in the axonal, basal, and transition regions is upregulated with age, and most of the genes encoding centrosome components are downregulated with age (Alvarado et al., 2021). Genetic mutations can cause changes in the structure and function of PC and lead to a range of clinical outcomes, including various types of encephalopathis (Boonsawat et al., 2019; Brancati et al., 2010; Robinson et al., 2020). Aging disrupts the central nervous system (CNS) and causes structural and functional changes in neural stem cells (NSC) and their niche, thereby affecting neural development and brain homeostasis, leading to decreased brain function (Capilla-Gonzalez et al., 2015; Fuentealba et al., 2012). Emerging data suggest the role of PC in the pathophysiology of neurodegenerative diseases (AD, PD, etc.), and confirm that changes in primary ciliary structure are closely associated with aging and many neurodegenerative diseases (Morelli et al., 2017; Bae et al., 2019). PC have been shown to contribute to PD in many aspects, such as signaling pathways, mitochondrial dysfunction, genetic variation, and dopaminergic neuronal changes in the substantia nigra (Dhekne et al., 2023; Ignatenko et al., 2023; Marchetti, 2018; Wang et al., 2022; Turcato et al., 2022). This review will summarize the systemic role of PC in the development of PD.



2 Changes of structure and formation of PC in PD

The two primary cell types in the brain are neurons and glial cells. The brain’s glial cells comprise oligodendrocytes, microglia, ependymal cells, and astrocytes (Xingi et al., 2023). There is evidence that microglia and mature oligodendrocytes have PC (Guemez-Gamboa et al., 2014). PC are also found in adult neural stem cells (or astrocytic type 1 radial glia) in the subgranular zone (SGZ) and the sub-ventricular zone (SVZ) of the lateral gyrus, which are essential for adult neurogenesis (Ming and Song, 2011; Han et al., 2008; Tong et al., 2014). An in vivo systemic study showed that genetic alterations associated with ciliopathy influence the formation of neural progenitor cells, early neural connection, neuronal differentiation, and neuronal radial migration during cortical development, which are critical for adult neurogenesis and exhibit neurodegenerative changes (Park et al., 2019; Guo et al., 2015).

One of the main risk factors for neurodegenerative illnesses is thought to be aging. Age-related disorders, such as PD, have been linked to PC and ciliary signaling (Zhao et al., 2018). It was found that the expression of mitochondrial DEGA, individual BBSomes DEGA, α-tubulin (mainly TUBA1A), and β-tubulin (TUBB2A, TUBB2B, and TUBB 3) were all down-regulated with age. γ-Tubulin complex-associated proteins (TUBGCP3, TUBGCP4, TUBGCP5, and TUBGCP6) (Miller et al., 2014; Spalding et al., 2013; Pedersen and Rosenbaum, 2008; Mourao et al., 2016; Hirano et al., 2017; Schroter et al., 2021; Aiken et al., 2020; Labisso et al., 2018). These microtubules are dynamic cytoskeletal polymers and vital parts of the PC, and they are involved in cellular activities that are vital to the development of the brain, such as neuronal migration, proliferation, and cortical laminar organization (Kumamoto et al., 2012; Minoura, 2017). Abnormal accumulation of TUB is a pathological feature of progressive supranuclear palsy (PSP) and cortical basal ganglia degeneration (CBD) (Pantelyat, 2022). This suggests that the absence of α-tubulin and β-tubulin may indicate that natural brain aging contributes to the development of neurodegenerative diseases. The accumulation of γ-tubulin is closely related to the typical clinical manifestations of PD. Some scholars have used acute knockout of the ciliary gene in the developing cortex (Kif 3 a or Ift 88) to study the effect of PC on cell-autonomous function in neural stem cells. This causes neuronal differentiation and migration defects, accompanied by a delay in the cycle progression of neural stem cells and a failure of nuclear migration between movements (Chen et al., 2019).

PC are important organelles transduced by Sonic Hedgehog (SHH) signaling, and their basal bodies contain components of Wnt and Notch signaling pathways (Rimkus et al., 2016). Researchers have found that Wnt signaling activity and Notch signaling activity associated with PC decreased significantly, and SHH signaling and TGFβ signaling activity increased with age (Kumamoto et al., 2012; Inestrosa et al., 2020; Serrano et al., 2014; Rivera et al., 2016; Sun et al., 2013; Kandasamy et al., 2014). Schmidt et al. found that PD mice have increased SHH-signaling, decreased nucleus levels of GLI3-FL and GLI3-R in the nucleus, and substantial dysregulation of cilia-associated potential target genes, including SHH (Schmidt et al., 2022). Furthermore, IFT complexes (IFT-A and IFT-B) construct and maintain PC and are necessary for SHH pathway activity (Qin et al., 2011). The deletion of the IFT-A genes results in minor abnormalities in the PC’s architecture and ectopic activation of the SHH pathway (Mukhopadhyay et al., 2010). Increased SHH signaling is found in a mouse model with a partial deletion of IFT-A (Liem et al., 2012). Various mutants (e.g., IFT 88, DYNC2H1, and KIF3A knockout) are also seen in PD mice, resulting in the disruption of the primary ciliary signaling mechanism (Wen et al., 2010). Wnt signaling impairment is linked to the degeneration and death of dopaminergic neurons in the substantia nigra midbrain in PD (Stephano et al., 2018). The dysregulation of serotonin signaling (HTR4/6/7 signaling) and DA signaling (DRD1/5 signaling) is an important mechanism of PD. Dysregulation of these pathways is accompanied by an enhancement of obviously changed G protein-coupled receptor (GPCR) signaling pathways (Huot et al., 2011; Hisahara and Shimohama, 2011). GPCRs are often localized on the neuroPC, and the ciliary output and downstream signal transduction components of activated GPCRs (GNAS, ADCY 2, ADPKs, and some MAPKs) are regulated by BBSome (Wheway et al., 2018; Ye et al., 2018). A protein transport complex called BBSome identifies transmembrane proteins with ciliary targeting sequences (such as class A and class B GPCR or RTK) and directs their combination to the IFT complex, which then transports the proteins to the ciliary membrane (Singh et al., 2020; Christensen et al., 2017). Thus, regulating BBSome within the cilium can regulate GPCRs and ameliorate the dysregulation of serotonin signaling and dopamine signaling, thereby improving PD. These studies suggest that the structural function of PC plays a crucial role in the PD disease process and warrant further investigation.



3 PC influence PD by signaling pathways

PC are essential in the signaling pathway for growth and development, disrupting PC by disrupting Hedgehog (HH) signaling, leading to developmental defects (Huangfu et al., 2003). Numerous studies have demonstrated that PC is impacted by the HH signaling pathway, which is crucial in controlling various facets of animal growth and development (Briscoe and Therond, 2013; Bangs and Anderson, 2017). One of the three HH proteins—Desert Hedgehog (DHH), Indian Hedgehog, or Sonic Hedgehog (SHH)—activates canonical HH signaling. Without HH ligands, Patched 1 is located in the PC, which prevents ciliary accumulation and the activation of G protein-coupled receptor proteins in SMO (Rohatgi et al., 2007), therefore suppressing HH signaling. Patched 1 leaves the PC after binding to HH, which causes its internal SMO to accumulate and activate (Corbit et al., 2005). Trigger SMO induces GLI 2 and GLI 3 transcription factors that stimulate the production of GLI transcriptional activators via HH signaling (Haycraft et al., 2005). When HH ligands are not present, GLI 2 and GLI 3 are cleaved into transcriptional repressors that stop the production of HH target genes. In the absence of HH, PC participation is also necessary for the formation of the GLI repressor protein (Huangfu and Anderson, 2005; Liu et al., 2005; May et al., 2005). Through controlling the ventral customizable, proliferative, and differentiated capabilities of precursor cells in the formation of the vertebrate central nervous system, SHH regulates the size, shape, and cell type of the brain (Ni et al., 2020). In addition, the SHH signaling pathway mediates the growth of intermediate precursor cells and radial glial cells to preserve neocortex neurons’ ability to proliferate, differentiate, and survive (Komada, 2012). In neural precursor cells, SHH and basic fibroblast growth factor 8 (FGF-8) synergistically act to promote the expression of genes involved in the formation of dopamine neurons (Britto et al., 2002), which is tightly associated with the genetic risk for PD (Agarwal et al., 2020). According to numerous researches, SHH can induce the differentiation of Bergmann glial cells (Wang and Almazan, 2016), and mediate the producion of oligodendrocyte precursors (Namchaiw et al., 2019; Starikov and Kottmann, 2020). An experiment with the chemical inhibitor or anti-SHH antibody made by Yang et al. (2020) showed that inhibiting SHH may inhibit oligodendrocyte differentiation. SHH dysregulation can contribute to developmental disorders. It has been found that the deregulation of the SMO-SHH signaling pathway can cause neurodegenerative diseases such as PD, nerve damage, neuronal excitotoxicity, increased oxidative stress, neuroinflammation, and apoptosis. The PI3K/Akt pathway is thought to be regulated by the SMO-SHH-GLI pathway, which in turn has neuroprotective, anti-inflammatory, and antioxidant effects (Prajapati et al., 2023; Shao et al., 2017). It has been shown that the loss of SHH gene damage occurs in differentiated DA neurons (Turcato et al., 2022). Intracerebral injection of SHH-N enhanced tyrosine hydroxylase immunoreactive neuronal expression in the striatum and improved motor performance in PD rats, indicating a specific treatment for PD (Yang et al., 2021). Therefore, PC has an effect on the pathology of PD by mediating the SHH pathway, and restoring the normal function of the SHH pathway is considered a critical target of PD treatment.

Another important regulator of animal development is Wnt signaling. Many of the signal transduction proteins acting on the Wnt pathway are located on the PC, including curprotein (FZD) and glycogen synthase kinase 3 (GSK 3) (Thoma et al., 2007; Veland et al., 2013; Stypulkowski et al., 2021). It contains ciliary-localized low-density lipoprotein receptor-associated protein (LRP 6) coreceptors that can respond to and transmit Wnt signals (Niehrs, 2012; Jeong and Jho, 2021). Wnt ligands are bound by LRP 6 and FZD transmembrane receptors, which then trigger a cytoplasmic signaling cascade that stabilizes the transcriptional coactivator β-catenin by blocking a destruction complex that contains GSK 3. GSK 3 is essential for normal embryonic development and is present in practically every tissue and organ system of an organism throughout its life (Kikuchi et al., 2011; Garcia de Herreros and Dunach, 2019). Furthermore, classical Wnt signaling, as expressed by β-catenin, but not classical signaling independent of β-catenin, mainly controls the cytoskeleton involved in planar cell polarity (Youn and Han, 2018). Cytoplasmic β-catenin is dephosphorylated when GSK 3 is inhibited. This occurs when proteins are freed from proteasomal degradation, brought into the nucleus, and bound by the transcriptional complex to control downstream target genes (Nusse and Clevers, 2017; MacDonald and He, 2012; Holzer et al., 2012). It is clear that PC are Wnt-transduced organelles that signal through the Wnt/GSK 3 signaling mechanism. The Wnt/β-catenin (WβC) pathway is known to be an important player in mDA-ergic neurogenesis and influence PD progression, which proceeds through classical transmembrane signaling across the plasma membrane (Munoz-Soriano and Paricio, 2011; Kallsen et al., 2015). Aging and PD are characterized by a reduction in the number of adult nerves, which is associated with the block of NSC activation to produce new neurons (Apple et al., 2017; Bond et al., 2015; Chandel et al., 2016). WβC has the ability to attach itself to transcription factors T cell factor and lymphoid enhancer binding factor (TCF/LEF), which in turn can stimulate the transcription of Wnt target genes that are important in the survival, proliferation, and differentiation of neural stem and progenitor cells (NSCs) (Brodski et al., 2019; Piccin and Morshead, 2011; Kalani et al., 2008; Adachi et al., 2007). There are only two specific regions in the dentate gyrus of the hippocampus (SVZ and SGZ) of the NSC that can generate new neurons under physiological conditions. These regions may be involved in odor discrimination, spatial learning, and contextual memory functions (Fuentealba et al., 2012; Spalding et al., 2013). Both regions have a large neural distribution of PC, structural defects in PC with increasing age, and early SVZ disruption and hippocampal SGZ neurogenesis are linked to premotor symptoms associated with PD (Agnihotri et al., 2019; Lim et al., 2018; Titova et al., 2017; Winner and Winkler, 2015). WβC signaling positively regulates adult neurogenesis (activation of stem cells from neuronal differentiation) at multiple levels, thereby improving PD symptoms (Ortiz-Matamoros et al., 2013; Varela-Nallar and Inestrosa, 2013; Hirota et al., 2016). Studies have shown that the potential of overcoming aging-induced loss of Wnt 1-mediated mNSCs in Aq-PVR: direct W β C signaling activation in MPTP-induced mice causes Aq-PVR-Nurr1 and TH + - precursors, hence supporting the histopathology and functional recovery of dark DA neurons, and then improving the clinical manifestations of PD disease (L'Episcopo et al., 2014; L'Episcopo et al., 2018; Marchetti et al., 2020).

An extremely significant developmental route that has persisted throughout mammalian evolution is the Notch signaling pathway. Through facilitating cell-to-cell communication, it controls cell motility. Five Notch ligands, four transmembrane receptors, the Notch intracellular domain (NICD), and the transcription factor RBP-J make up the majority of the mammalian Notch signaling pathway (Liang et al., 2023). The Notch receptor is located on the PC (e.g., Notch1 on the axon and basal body, Notch3 on the PC membrane), and the γ-secretase component Presenilin-2 that catalyzes NICD cleavage is located in the basal body (Leitch et al., 2014; Cervantes et al., 2010). The opening of Notch signaling activation involves two key pathways: I γ-secretase-dependent cleavage; cytoplasmic NICD release upon binding of the II ligand receptor to Notch ligand on the cell membrane of neighboring cells (Nijjar et al., 2001; McCright et al., 2002; Kodama et al., 2004; Croquelois et al., 2005). After translocation to the nucleus, the NICD binds RBP-J κ and converts it from a transcriptional repressor protein to an activator, leading to the transcription of Notch target genes (Rohatgi et al., 2007; Geisler et al., 2008). Notch regulates cilia formation and ciliary body length. We demonstrate that in the absence of Notch signaling, shorter cilia are generated, whereas hyperactive signaling produces longer cilia (Lopes et al., 2010). Notably, one study also showed that the LRRK2 complex in the mouse brain suppresses the expression of Notch signaling to accelerate neuronal differentiation (Imai et al., 2015). A recent study demonstrated that these mice suppressed the Notch signaling pathway to alleviate the motor deficit in an MPTP-induced mouse PD model (Wang et al., 2019). Many researches have found that the recombinant signaling binding protein J κ (RBP-J) can regulate Notch signaling, regardless of monocyte differentiation and macrophage activation under physiological or pathological conditions (Borggrefe and Oswald, 2009; Gamrekelashvili et al., 2016; Gamrekelashvili et al., 2020). Furthermore, inhibition of DA neuronal death and improved locomotor behavior in mice was achieved by myeloid-specific blockade of Notch signaling to lessen IM infiltration and MHCII+ microglial activation. By lowering the release of inflammatory cytokines, myeloid-specific RBP-J deficiency can slow the course of PD (Liang et al., 2023).

PD is characterized by the presence of Lewy neurites and intraneuronal Lewy bodies, which are in line with the development of symptom severity in different brain regions (Kempster et al., 2010; Braak et al., 2005; Saito et al., 2004). A significant decrease in dopamine (DA) levels is caused by the selective and gradual degeneration of midbrain dopaminergic (mDAergic) neurons in the dense substantia nigra (substantia nigra pars compacta, SNpc) and their projection to the striatum (L'Episcopo et al., 2014; L'Episcopo et al., 2018; Marchetti et al., 2020). The final diagnosis of PD is thought to be based on the presence of Lewy bodies in the substantia nigra (SN) and the loss of DA neurons (Hughes et al., 1992). Lewy bodies mostly consist of α-synuclein (α-syn) (Eriksen et al., 2003), which is highly stained in samples from PD patients (Shults, 2006). Thus, another characteristic of the pathophysiology of PD is the increasing accumulation of misfolded α-syn in cortical and subcortical brain areas (Trojanowski and Lee, 1998). Currently, the α -syn mouse model has been widely used in simulated PD pathology experiments, and existing studies have found that the Notch-1 expression is reduced in the α -syn Tg mouse model (Crews et al., 2008). α-syn inhibits Notch-1 transcriptional activity by decreasing the association of NICD and RBP-JK, as well as enhancing the interaction of NICD with Fbw 7, thereby increasing NICD degradation (Naushad et al., 2021; Wakabayashi, 2020). Moreover, an animal study also showed that continuous accumulation of α-syn causes reduced Notch-1 expression and its signaling, leading to decreased neural precursor (NPC) survival (Crews et al., 2008). Furthermore, α-syn aggregates in catecholaminergic neurons in PD are considered an impact factor for reduced neuronal health and ultimately cell death. Studies have confirmed that α-Syn aggregates have spread in the body like prions (PrP) (Chen et al., 2022). In the pathological state, α-Syn accumulates and escapes, is internalized by neighboring cells, and directly induces normal α-Syn misfolding and aggregation, thus achieving the purpose of diffusion (Fields et al., 2019; Rocha et al., 2018). Thus, these findings suggest that preventing α-syn aggregation and stopping α-Syn transmission may be a therapeutic treatment for PD.

Studies using epidemiological methods have shown that individuals with PD have a lower incidence of most cancer types (Zhou et al., 2022). A number of pathogeneses linked to PD have also been linked to the onset and progression of cancer, including abnormal mitochondrial function, an aberrant oxidative stress response, sustained mitogenic signals, and so on. These findings indicated a possible function of Parkinson’s genes in the development and progression of cancer (Ejma et al., 2020; D'Amelio et al., 2009). Recent reports have shown that α-Syn is highly expressed in melanoma (Matsuo and Kamitani, 2010; Lee et al., 2013), while it is downregulated in lung adenocarcinoma, breast cancer, and bladder cancer, and its expression could significantly impact the prognosis of cancer patients (Zhou et al., 2022; Yan et al., 2018; Wu et al., 2022). The process known as the epithelial-mesenchymal transition (EMT) is defined by the epithelial cells’ acquisition of mesenchymal traits and their loss of epithelial properties (Thiery et al., 2009). According to recent studies, PC deficiency both initiates and intensifies EMT when it is in a resting state and when fibrotic signals like TGF-b are present (Alvarez-Satta et al., 2021). Zhou et al. (2022) have confirmed that α-Syn overexpression can reverse the EMT process and suppress cell viability. However, further experiments are needed to explore how α-Syn inhibits migration, invasion, and EMT.

The transforming growth factor β (TGF-β) growth factor superfamily includes TGF-β, activins, and BMP. Activated TGFβ ligands interact with type II TGF-β receptor (Tβ RII) and by TβRII aggregation and phosphorylates type I TGFβ receptor (Tβ RI) to activate downstream signaling via the SMAD receptor (Varela and Garcia-Rendueles, 2022; Kashima and Hata, 2018). TGF-β signaling in PC operates through activation of receptor R-SMAD transcription factors (SMAD 2/3 and SMAD 1/5/8) and internalization of active receptors through clathrin-mediated administration of the cilia pocket endocytosis (CME) (Garcia-Gonzalo and Reiter, 2017). R-SMAD forms a trimeric complex with co-SMAD SMAD4, which translocates into the nucleus and initiates target gene transcription. TGF-β also activates extracellular signal-regulated kinases (ERK1/2) in PC (Oh and Katsanis, 2013). Some cell experiments show that selectively restricting TGF-β conduction at the primary ciliary plasma membrane can inhibit the ciliary information transfer function and subsequently prevent cell migration and invasion (Clement et al., 2013; Labour et al., 2016; Alvarez-Satta et al., 2021). One study also showed that embryos from Tg737 and Ift88 null mice were deficient in PC formation with aberrant TGF-β signaling (Clement et al., 2009; Arthur and Bamforth, 2011). Besides, TGF-β signaling is critical to the function of the transition zone, which may in turn affect the regulation of ciliary length (Szymanska and Johnson, 2012). It has been indicated that blocking TGF-β signaling by injecting DN-S2 RNA and examining the ciliary morphology of the neural tube, revealed that blocking TGF-β signaling causes cilia shortening and impairs the structure and/or function of the transition zone (Tozser et al., 2015). Besides, activation of TGF-β receptors promotes SHH signaling, which creates even more ciliary signaling pathway crosstalk (Garcia-Gonzalo and Reiter, 2017). The TGF-β pathway controls important physiological processes in tissue, cell growth, development, and homeostasis in normal cells (David and Massague, 2018). The TGF-β superfamily plays a critical role in neuroinflammation and repair after brain injury (Kashima and Hata, 2018). Researches have indicated that TGF-β plays a critical part in age-dependent diseases (e. g., PD), and it increases in the brains of patients with PD (Vawter et al., 1996). A recent study showed that several mouse models knocking out TGF-β signaling genes showed a decreased number of dopaminergic cells within the SN, suggesting that impaired TGF-β signaling increases the risk of PD. Moreover, the study showed that loss of TGF-β signaling in neurons is an important marker of SN degeneration (Tesseur et al., 2017). These results suggest that the PC effect on TGF-β may act as a significant part in regulating the process of neurodegeneration seen in PD (Figure 1).
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FIGURE 1
 Mechanisms of PD that influenced by PC mutations. In various PD, PC plays an important role in mediating signaling pathways and maintaining neural cell homeostasis. Impaired PC function and structure affect pathways and transcriptional activity. (1) Patched 1 binding to HH in the SHH pathway promotes SMO accumulation to induce the production of GLI 2 and GLI 3 transcription factors. When HH ligand is not present, both ciliary accumulation and G protein-coupled receptor protein activation are blocked, and GLI 2 and GLI 3 are cleaved into transcriptional repressors, hindering HH target gene production, leading to PD. (2) TGF-β signaling in PC operates through activation of receptor R-SMAD transcription factors and internalization of active receptors through clathrin-mediated administration of the cilia pocket endocytosis (CME). R-SMAD binds to co-SMAD and initiates target gene transcription. Blocking TGF-β signaling causes cilia shortening and impairs the structure and/or function of the transition zone. Knocking out TGF-β signaling genes causes a decreased quantity of dopaminergic neurons in the SN, which raises the possibility of PD. (3) When the expression of Notch signaling is suppressed, DA neuronal death can be inhibited and locomotor behavior can be improved. α-syn inhibits Notch-1 transcriptional activity by decreasing the association of NICD and RBP-JK, as well as enhancing the interaction of NICD with Fbw 7, causing reduced Notch-1 expression and its signaling, leading to decreased neural precursor (NPC) survival. (4) α-Syn accumulates and escapes, is internalized by neighboring cells, and directly induces normal α-Syn misfolding and aggregation, thus achieving the purpose of diffusion and causing PD. (5) Wnt ligands bind to LRP 6 and FZD receptors, block the destruction complex containing GSK 3, and transcribe β-catenin. W β C binds to TCF and LEF and stimulates Wnt target gene transcription, thereby improving PD symptoms. Notch ligand bind to receptor and release cytoplasmic NICD, which binds RBP-J κ, leading to the transcription of Notch target genes.




4 PC and dysfunction of mitochondrial

Functions and morphology of mitochondrial are highly affected by mitochondrial dynamics. Therefore, abnormalities in mitochondrial dynamics are related to lots of human diseases, including neurodegenerative diseases (Baek et al., 2017). It has been reported that PD pathogenesis is significantly influenced by impaired mitochondrial activity and the ensuing rise in oxidative stress, neuroinflammation, and microglial activation (Moon and Paek, 2015). The regulation of cellular adaptation to stresses, such as decreased biogenesis, aging, damage to mitochondrial DNA (mtDNA), nutritional limitation, and abnormal imbalances between fission and fusion events, is largely dependent on mitochondria. If these activities continue uncontrolled, ROS can harm proteins, lipids, and nucleic acids, leading to persistent oxidative stress (Youle and van der Bliek, 2012; Pickles et al., 2018). The dynamics of mitochondria are influenced by oxidative stress via posttranscriptional changes such as ubiquitination (Wu et al., 2010). Consequently, damaged mitochondria accumulate, which ultimately results in cell death and more general tissue malfunction. The heart, muscles, brain, and retina are among the tissues with high energy demands that are most susceptible to mitochondrial dysfunction (Wallace et al., 2010).

Autophagy is a catabolic process, which is highly sensitive to extracellular and intracellular stress. Through cellular energy balance regulation and the facilitation of organelle quality control, it preserves cellular homeostasis (Mizushima, 2018). Numerous evidence have indicated a close reciprocal relationship between PC and autophagy, as do autophagy and mitochondrial dynamics/functions (Yoo and Jung, 2018; Palikaras et al., 2018; Wiegering et al., 2019; Wang et al., 2015). PC regulate autophagy mutually, which provides protection by removing damaged mitochondria under oxidative stress conditions (Yoo and Jung, 2018; Wang et al., 2015; Ávalos et al., 2017). By means of IFT and Hh-dependent processes, autophagy-related proteins (ATGs) shuttle to the basal body and PC (Pampliega et al., 2013). Serum-deprived cells’ ability to undergo autophagy is suppressed by the interference with ciliogenesis and Hh signaling (Pampliega et al., 2013). On the other hand, autophagy eliminates IFT20 or oral-facial-digital syndrome 1 (OFD1), respectively, to suppress or mimic ciliogenesis (Pampliega et al., 2013; Tang et al., 2013).

A previous research proposed that autophagy driven by both mitochondrial reactive oxygen species (mtROS) and AMP-activated protein kinase (AMPK) are important pathways that underlie ciliogenesis triggered by mitochondrial stress (Bae et al., 2019). Damage of PC are proved to contribute to many neurological abnormalities. Gain-of-function mutations in somatic mechanistic target of rapamycin (mTOR) hinder ciliogenesis in the developing brain by compromising the autophagic clearance of OFD1, which results in localized malformations in cortical development (Park et al., 2018). Dysfunction of PC by loss of ciliary proteins such as PCM1 and Tctn3 caused neuronal apoptosis in mice (Wang et al., 2018), which is consistent with the pathological basis of PD.

The majority of PD biochemical and pathological hallmarks are produced by the mitochondrial neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). MPTP binds mainly in astrocyte lysosomes, where it is transformed by type B monoamine oxidase into 1-methyl-4-phenylpyridinium ion (MPP+), which subsequently causes a parkinsonian syndrome (Marini et al., 1992). By blocking complex I, MPP+ can hinder mitochondrial respiration (Nicklas et al., 1985; Trevor et al., 1987; Sayre et al., 1989; Przedborski and Jackson-Lewis, 1998). In addition, we have shown that in an MPTP-induced PD model and toxic PD models, PC were observed remarkable elongation, and increased primary ciliogenesis in DA neurons encourages autophagy as well as the survival of neurons (Bae et al., 2019; Miyoshi et al., 2014). In contrast, SN neurons with impaired ciliogenesis are more likely to undergo apoptosis and are unable to trigger autophagy (Bae et al., 2019).

PC are considered to have protective effects of neurons. Following an axotomy, PC can increase retinal ganglion cell survival by reducing oxidative stress (Choi et al., 2019). In a PD model, however, the inhibition of PC ciliogenesis exacerbated motor impairment and neuronal loss (Bae et al., 2019). Bae et al. (2022) discovered that the use of L-carnitine and acetyl-L-carnitine decreased the risk of mitochondrial fragmentation, ROS production and MPP + -induced neurotoxicity in MPP + -treated cells. It promoted ciliogenesis of PC in the SH-SY5Y cells, which helps to protect neurons from oxidative stress and cell death brought on by MPP+. In healthy mice, acetyl-L-carnitine given over an extended period of time can enhance brain energy levels (Scafidi et al., 2010; Smeland et al., 2012). In contrast, the inhibition of PC caused by knockout intraflagellar transport 88 (IFT88) totally reversed the protective effect of L-carnitine and acetyl-L-carnitine against MPP + -induced cell death (Bae et al., 2022).

MPTP-induced DAergic neurotoxicity has been proposed to be significantly influenced by the mitochondrial apoptotic cascade (Mochizuki et al., 2001; Viswanath et al., 2001). In addition to causing neurotoxicity, MPTP also causes an inflammatory response, which includes T cell infiltration into the SN and striatum, activation of resident brain macrophages and microglia, and elevated proinflammatory cytokine gene expression (Kurkowska-Jastrzebska et al., 2009). In addition, active microglia can generate pro-inflammatory factors that are toxic to neurons and to be phagocytic (Banati et al., 1993). Of note, neuroinflammation is considered as a vital marker of the pathogenesis and development of neurodegenerative diseases (including PD) (Zhang et al., 2024).

According to Belin and Westerlund (2008), Parkin (GeneID: 5071) and PINK1 (GeneID: 65018) gene mutations are the most common cause of early-onset PD. Familial variants of PD206 are linked to mutations in the Parkin RBR E3 ubiquitin-protein ligase (PARKIN) and PTEN-induced kinase 1 (PINK1) genes (Quinn et al., 2020). Previous researches considered PINK1 acting as a pivotal neuroprotective protein, which contribute to prevent mitochondrial dysfunction and activate basal and starvation-induced autophagy (Gautier et al., 2008; Gelmetti et al., 2008; Wood-Kaczmar et al., 2008; Levine et al., 2008), by its interaction with Beclin-1, a key pro-autophagic protein that has previously correlation to the pathogenesis of several neurodegenerative illnesses (Michiorri et al., 2010). Thus, treatment approaches that target PINK1/PARKIN signaling may be able to treat PD.

Researches from Schmidt et al. (2022) displayed dysregulated respective genes and dysfunction of intraflagellar transport (IFT) as well as IFT interaction with the BBSome in early sporadic PD patients (Das Banerjee et al., 2017). The enrichment of markedly changed G protein-coupled receptors (GPCR) signaling pathways, such as dopamine (DRD1/5 signaling) (Hisahara and Shimohama, 2011) and serotonin (HTR4/6/7 signaling) (Huot et al., 2011), which are both linked to PD, coincides with a dysregulation of these pathways. They made an objective molecular characterization of hiPSC-derived neuronal precursor cells (hNPCs) using multiplexed, droplet-based, single-cell RNA sequencing (scRNA-seq). This method revealed a large number of genes linked to PC function in both the cellular model and the postmortem tissue of individuals with sPD. The roles and locations of these genes inside the cilia allow them to be categorized into many groups, including ciliogenesis (e.g., INTU, CEP83, OCRL), axoneme (TUBA1A, TUBB), transition zone (e.g., AHI1), and intraflagellar transport (IFT: e.g., IFT74, IFT52, IFT20, DYNC2H1, 61). Moreover, they elucidated that PC dysfunction is the basis of mitochondrial respiratory deficiencies and ciliary-mediated SHH-signaling, which is also a common molecular characteristic of early PD, including sporadicand familial (PINK1, LRRK2) PD (Schmidt et al., 2022).

Taken together, PC probably play a potential role in PD pathology by the interplay with autophagy and the relationship between autophagy and mitochondrial dynamics/functions, of which are worthy to be explored further.



5 PC and genes

Non-muscle myosin II (NMII) are major regulators of actin cytoskeletal dynamics, which play a critical role in cellular organization, polarity, morphology, migration and division etc. Altered NMII was found in the complex pathologies that cause numerous neurological disorders (Nadif Kasri and Van Aelst, 2008; Newell-Litwa et al., 2015), including neurodevelopmental disorders, neurodegenerative disorders, neuronal migration disorders (Tsai et al., 2007). The NMII heavy chains (NMHCII) play a critical role in dimerization and other interactions (Ronen and Ravid, 2009). Variants of NMHCII genes are associated with numerous human diseases, for example, a broad spectrum of neurodevelopmental disorders caused by MYH10 (Kopinke et al., 2021). Two reports demonstrated that MYH10 is implicated in the biogenesis of PC, and the knockdown of MYH10 siRNA result in a profound defect in PC (Rao et al., 2014; Hong et al., 2015). Moreover, neuronal migration defects, such as corpus callosum defects, and cerebellar hypoplasia etc. have been detected in mouse models and patients associated with alterations in PC and the Hedgehog signaling pathway (Kopinke et al., 2021; Elliott and Brugmann, 2019). A previous experiment demonstrated that MYH10 knockout cells show shortened ciliary length along with defective Hedgehog signaling and abnormalities in PC ciliogenesis. The overexpression of MYH10 variant resulted in a dominant-negative influence on ciliary length (Kopinke et al., 2021).

In clinic, NMII kinases are considered as promising targets for the treatment of diverse synaptopathies. Rho-kinase (ROCK) has been considered to activate NMII (Kaibuchi et al., 1999; Leung et al., 1996), and it has been demonstrated that ROCK inhibitors, which encourage neurite outgrowth to reestablish neural connections, are effective in treating PD (Lopez-Lopez et al., 2023). Conditions resulting from abnormal NMII activity are currently treated using vasodilators, which target myosin to modulate blood pressure. A vasodilator called Fasudil has been successfully used to improve neuron survival and motor function in PD rodent models (Tönges et al., 2014; Zhao et al., 2015).

It has been generally accepted that leucine-rich repeat kinase 2 (LRRK2) mutations are a cause of inherited PD (Paisán-Ruíz et al., 2004; Zimprich et al., 2004), and the LRRK2 protein are one of the central molecules in PD researches (Cookson, 2015; Domingos et al., 2019; Lee et al., 2012). The Rab GTPase family is an essential component of the LRRK2 signaling pathway as it acts as a kinase substrate and LRRK2 regulator (Purlyte et al., 2018; Steger et al., 2017; Steger et al., 2016; Taylor and Alessi, 2020), especially Rab10 and Rab8A (Yeshaw et al., 2023). Intracellular vesicle trafficking is regulated by membrane-anchored Rab proteins (Homma et al., 2021). There have been reports of defective vesicle trafficking in cells harboring PD-causative LRRK2 mutations and considered as a culprit of PD (Gao et al., 2018). At the same time, pathogenic LRRK2 kinase can interfere with ciliogenesis. The failure of LRRK2-generated phosphoRab10-RILPL1 and phosphoRab10-MyoVa complexes to recruit TTBK2 to the mother centriole and to interact with CEP164 to inhibit PC formation (Dhekne et al., 2021; Sobu et al., 2021). Pathogenic LRRK2 also enhances PC loss by a yet-to-be-determined, Rab10 and RILPL1-independent pathway (Sobu et al., 2021). Berndsen et al. (2019) and Khan et al. (2021) discovered loss of protein phosphatase 1H (PPM1H) phenocopies hyperactivation of LRRK2 in cell culture and mouse brain, and considered Rab-specific phosphatase PPM1H has the ability to reverse LRRK2-mediated Rab phosphorylation. In addition, PC production in wild-type (WT) cells can be inhibited by depleting PPM1H phosphatase (Berndsen et al., 2019), of which the phenotype is similar to that of PC loss upon expression of pathogenic LRRK2 (Berndsen et al., 2019). Previous researches found that the PC in rare, striatal, cholinergic interneurons decrease in mice carrying the R1441C LRRK2 mutation, which would impair these cells’ capacity to perceive Hh signals (Dhekne et al., 2018).



6 PC and substantia nigra dopaminergic neurons

In neurons, PC represents an electrical micro-domain (Jiang et al., 2019; DeCaen et al., 2013; Pablo et al., 2017). PC in differentiated cells are considered to be responsive to variations in glucose content. A previous experiment showed an inhibitory impact on the firing of substantia nigra (SN) dopaminergic (DA) neurons in high glucose (Saller and Chiodo, 1980). SN DA neurons have been discovered progressively lost in PD patients with type II diabetes, which seems that type II diabetes increase the risk of PD (Sportelli et al., 2020; Hassan et al., 2020). Several studies indicate that PC play a significant role in DA signaling transmission (Domire et al., 2011; Leaf and Von Zastrow, 2015). The surface of PC of different cell types is occupied by G-protein-coupled receptors, excitatory D1-type dopamine receptors (D1Rs) (Domire et al., 2011), which are transported to PC from the extraciliary plasma membrane by the intraflagellar transport complex-B (IFT-B) (Domire et al., 2011; Leaf and Von Zastrow, 2015; Marley and von Zastrow, 2010). The DA midbrain neurons are the source of the DA input. PC in the striatum is elongated in a number of pharmacological and genetic models of PD due to DA input deficits (Bae et al., 2019; Miyoshi et al., 2014; Steger et al., 2017; Dhekne et al., 2018; Jiang et al., 2019; Lucarelli et al., 2019). Longer PC has been hypothesized to be more sensitive in chemo- or mechano-sensation (Wang and Dong, 2013; Boehlke et al., 2010). When PC is lost, the proportion of DA-excited “active” SN neurons decreased, while that of DA-inhibited “desensitized” SN DA neurons increased (Mustafa et al., 2021). Thus, PC are indispensable for preserving the integrity of the nigrostriatal system and SN DA neurons (Table 1).



TABLE 1 Summary of mechanisms in autophagy, genes and SNDA neurons that PC influenced and the therapeutic attempts of Parkinson’s diseases.
[image: A detailed table outlines mechanisms, factors, alterations of primary cilia (PC), therapeutic attempts, and references related to autophagy, genes, and substantia nigra dopamine (SN DA) neurons. Various factors like mtROS, AMPK, mTOR, OFD1, and others are linked to different alterations such as mitochondrial stress and ciliary length changes. Therapeutic interventions vary, with many marked as "Not available." References are provided for specific studies associated with each mechanism.]



7 Conclusion

Based on the exposition described above, dysregulation of neuronal PC make a significant effect on mediating signaling pathways and maintaining homeostasis of neuron cells in PD. In SHH pathway, the deregulation of SMO-SHH signaling pathway can cause neurodegenerative diseases such as PD, and the activation of the SMO-SHH-GLI pathway has neuroprotective, anti-inflammatory and antioxidant properties. On the other hand, the SHH pathway buffers dopaminergic neurons against oxidative stress by increasing the activity of SOD1 as well. In Wnt pathway, it is supposed that PC are Wnt-transduced organelles that signal through the Wnt/GSK 3 signaling mechanism. Direct W β C signaling activation in MPTP-induced mice causes Aq-PVR-Nurr1/TH + −precursors, thus are conducive to the histopathology and functional recovery of dark DA neurons, and then improving the clinical manifestations of PD disease. LRRK2 complex suppresses the expression of Notch signaling to reduce inflammatory cytokine secretion and alleviate the motor deficit. At the same time, continuous accumulation of α -syn causes reduced Notch-1 expression and its signaling, leading to decreased neural precursors (NPC) survival. An additional layer of communication between the ciliary signaling pathways is added when TGF β receptors are activated, which stimulates SHH signaling. There is a close relationship between PC and autophagy, as do autophagy and mitochondrial dynamics/functions. Autophagy driven by both mitochondrial reactive oxygen species (mtROS) and AMP-activated protein kinase (AMPK) are major mechanisms underlying mitochondrial stress-induced ciliogenesis. Damage of PC are proved to contribute to many neurological abnormalities, such as caused neuronal apoptosis. MYH10 is implicated in the biogenesis of PC, and the knockdown of MYH10 siRNA result in a profound defect in PC, which influence HH pathway. LRRK2 inhibit PC formation and contribute to PD via defective vesicle trafficking. PC are indispensable for the preservation of SN DA neurons and the integrity of nigrostriatal. However, genetic ablation of SHH in differentiated DA neurons results in their degeneration. Whether PC contribute to PD by influencing SHH pathway is still uncertain.

Currently, a number of studies have provided a solid scientific foundation for clinical research and the treatment of PD. These studies have revealed the mechanism of the role that PC play in neurodegenerative diseases from a microscopic perspective, including signaling pathways, genes, defective mitochondrial function, and substantia nigra dopaminergic neurons. Research has suggested that astrocytes and other cell types may possibly play a role in many neurological conditions, such as AD and PD (Joe et al., 2018; Sanchez et al., 2021; Verkhratsky et al., 2010; Vincent et al., 2010). An experiment conducted by Sterpka and Chen (2018), who are focusing on visualization of PC in mice astrocytes, detected a high expression of AC3 and high levels of ARL13B expression in the PC of astrocytes 10 days after birth and postnatal day 56, respectively. Transgenic mice lacking PC showed abnormal development and disruption in Shh signaling in astrocyte-like neural precursors (Breunig et al., 2008). And ARL13B disruption in PC can lead to decreased Shh signaling in mouse medulloblastoma cell cultures (Bay et al., 2018). Nevertheless, little is known about the function of PC and ciliary signaling in astrocytes during these illnesses to far. This may be due to the fact that PC in astrocyte in the mature brain are typically understudied, and the Shh pathway in neuronal PC is more significant during neurodevelopment than it is throughout maturity. As for Notch pathway, the decrease of Notch signaling makes PC shorter and will slow down the symptoms of PD. While α-syn would lower Notch-1 expression, A-syn would accumulate and cause PD. Contrary to the aforementioned experimental findings, PC length strain is short and PD symptoms should slow down if there is no other change at this period. We hypothesize that they will probably operate in situations where space and time are dependent on one another. These findings imply that α-syn has a role in altering the PC structural function of brain cells, although more research is required to determine the precise process. Furthermore, there is little data on the longevity and development of PC in different neurodegenerative disorders. It would be worthwhile to carry out more research to clarify the connection between PC’s morphological structure and function.

In addition, although there are a few studies on the treatment of PD, such as LiCl activating Wnt pathway conduction (Qi et al., 2017), bromocriptine activating D2 receptor (Miyoshi et al., 2014), and MLi-2 inhibiting LRRK2 kinase activity (Steger et al., 2017), etc., they rarely mention whether there is any change in the structure and function of PC in the process of pathway change. There is also a lack of specific biomarkers to measure the level of inhibition or activation of enzymes that affect pathways or gene expression, as well as the targets involved in treatment. However, AD has been shown to treat AD with 5-HT6 antagonists SB271046 reduction of cilia length (Hu et al., 2017). Targeting Shh signaling, such as bone marrow stromal cells, BMSCs activate Shh/Gli1 signaling to promote oligodendrocyte production, which in turn treats stroke (Zhang et al., 2009). Both L-carnitine and L-carnitine induce ciliary production, which protects nerves from oxidative stress and cell death (Bae et al., 2022). Therefore, it was hypothesized that antagonizing 5-HT6 receptors to reduce cilia length, targeting Shh/Gli1 signaling to alleviate PC defects and oligodendrocyte synaptic injury, and using L-carnitine and L-carnitine to promote PC production to protect nerves could alleviate PD symptoms. If this hypothesis can be applied to future research to test its feasibility, it is expected to become a new treatment method after passing clinical trials. It is hoped that significant progress will be made in the treatment of PD in the near future.
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Serum neurotransmitter analysis of motor and non-motor symptoms in Parkinson’s patients
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Clinical symptoms of Parkinson’s disease (PD) are classified into motor and non-motor symptoms. Mental disorders, especially depression, are one of the major non-motor manifestations of PD. However, the underlying mechanisms remain poorly understood. In the present study, 21 neurotransmitters associated with mental disorders were measured in serum samples from patients and controls using the ultra-high performance liquid chromatography–tandem mass spectrometry (UPLC-MS/MS) assay. Additionally, five clinical scales—the MDS Unified Parkinson’s Disease Rating Scale (UPDRS), the Non-Motor Symptoms Scale (NMSS), the Mini-Mental State Examination (MMSE), the Hamilton Anxiety Scale (HAMA), and the Hamilton Depression Scale (HAMD)—were used to evaluate the severity of both motor and non-motor symptoms in PD patients. Analysis of neurotransmitter metabolism revealed significant changes in the tryptophan (Trp) metabolic pathway in PD patients. Specifically, levels of Trp, kynurenine (KYN), kynurenic acid (KA), nicotinamide (NAM), and 5-methoxyltryptamine (MeOTA) were substantially decreased. Additionally, three other excitation/inhibiting amino acids—glutamic acid (Glu), 4-aminobutyric acid (GABA), and aspartic acid (Asp)—also declined. Moreover, neurotransmitter conversion ratios, such as KA/KYN, nicotinamide/niacin (NAM/NA), 5-hydroxytryptophan/tryptophan (5-HTP/Trp), and quinolinic acid/kynurenic acid (QA/KA), provided more dynamic insights into disrupted neurotransmitter metabolism. Correlation analyses between scale scores and neurotransmitter levels showed that concentrations of xanthurenic acid (XA) and the turnover rate of 3-hydroxykynurenine (3-HK) were negatively correlated with UPDRS scores, while 5-hydroxytryptamine (5-HT) and GABA levels were negatively correlated with non-motor symptoms in PD patients. In summary, this study elucidates, for the first time, the potential association and dynamics between altered neurotransmitter metabolism and the etiology of PD in terms of motor and non-motor functions. These findings offer novel biomarkers and therapeutic targets for the treatment of PD.
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1 Introduction

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder worldwide, following Alzheimer’s disease, and it is a multifactorial condition with largely unknown etiology (Cacabelos, 2017; Frisardi et al., 2016). Currently, PD imposes a significant burden on society, affecting more than 1% of the population over the age of 60 years (Ó Breasail et al., 2022; Shao et al., 2021). A report from 2015 in Tianjin, China, indicated that the average annual cost of PD per patient had increased to $3,225.94, with direct medical expenses amounting to $1,737.93 (Li et al., 2019).

PD is characterized by a wide range of symptoms, encompassing both motor symptoms (e.g., bradykinesia, muscle tonus, postural balance disorders, and resting tremor) and non-motor symptoms (e.g., olfactory disturbances, sleep disturbances, urinary and fecal dysfunction, and depression; Armstrong and Okun, 2020; Zhang et al., 2022; Dong et al., 2023). Notably, depression is one of the most prominent non-motor manifestations and a common neuropsychiatric comorbidity in PD (Jiang et al., 2023). Approximately 40–50% of patients experience depression, with 17% of them suffering from major depressive disorder (Stocchi et al., 2023). Depression can exacerbate dyskinesia, impair cognitive function, and severely impact patients’ quality of life (Pontone et al., 2016). Notably, non-motor symptoms may precede the onset of motor symptoms, highlighting its value for early diagnosis and intervention.

Several studies have shown that numerous active metabolites of the tryptophan (Trp) metabolic pathway are involved in the pathogenesis of PD (Behl et al., 2021; Zhang et al., 2021; Lovelace et al., 2017; Lim et al., 2017). However, most of this research has focused on specific key neurotransmitters and animal models, with limited data available from population-based studies.

For the Trp metabolic pathway, approximately 95% of the Trp is converted into KYN, and the downstream metabolites and KYN act as modulators of the immune response and are associated with neurotoxicity and neuroinflammation in PD (Fathi et al., 2022). Even under healthy conditions, 3-hydroxykynurenine (3-HK) and 3-hydroxyanthranilic acid (3-HAA), the two key downstream metabolites of KYN, can lead to the production of large amounts of free radicals, cause oxidative stress and mitochondrial damage, and finalize central nervous system (CNS) disorders (Qin et al., 2022). Notably, the aberrant 3-HK increase facilitates downstream levels of quinolinic acid (QA), a toxic metabolite that activates the n-methyl-d-aspartate (NMDA) receptor, leading to excitotoxicity and accelerated inflammatory responses in a positive-loop property. Reciprocally, kynurenic acid (KA), another metabolite of KYN, serves as an antagonist of NMDA receptors and exhibits neuroprotective effects, attenuating PD symptoms in both in vivo and in vitro studies (Mor et al., 2021; Zhang et al., 2019).

The 5-hydroxytryptamine-Trp metabolic pathway is recently reported to be associated with the pathogenesis of PD, which displays significant alterations in the 5-HT-ergic system, such as reduced levels of 5-hydroxyindole acetic acid (5-HIAA) and reduced expression of the rate-limiting enzyme of 5-HT biosynthesis, tryptophan hydroxylase (TPH; Jing et al., 2023; Zárate et al., 2022; Pasquini et al., 2018). Studies have shown that 5-HT transporter (SERT) availability is reduced in the caudate-putamen region in human carriers of mutations associated with genetic PD, and the alteration precedes dopaminergic lesions and the onset of motor symptoms, suggesting that 5-HT ergic dysfunction may serve as an early warning of PD (Wile et al., 2017; Wilson et al., 2019).

In addition to the Trp metabolic pathway, some other inhibitory or excitatory neurotransmitters also exert critical roles in the development of PD. It was recently found that aberrant expression of 4-aminobutyric acid (GABA) transporters may lead to olfactory dysfunction in a PD mouse model, an effect that was significantly improved after the treatment of GABA reuptake agents (Liu et al., 2023). Meanwhile, previous magnetic resonance spectroscopy (MRS) studies in PD patients revealed an increased GABA/Glu ratio in the substantia nigra (Öz et al., 2006). The precursor substance of GABA, glutamate (Glu), mediates the excitatory signals. Accumulation of glutamate beyond physiological limits at the synapse is toxic and triggers apoptosis due to Ca2+ overload upon overstimulation of glutamate receptors in PD (Iovino et al., 2020). In addition, as an active ingredient in the treatment of muscle-related movement disorders, the excitatory neurotransmitter aspartate (Asp) and the inhibitory neurotransmitter glycine (Gly) have been found to be homeostatically disrupted in the plasma of PD patients (Iwasaki et al., 1992).

However, there are few studies on the correlation between non-motor symptoms and disturbed neurotransmitter metabolism in serum in patients with PD. Thereby, the ultra-high performance liquid chromatography–tandem mass spectrometry (UHPLC–MS/MS) assay was exploited in the present study to investigate the serum amino acid metabolism, including the Trp pathway and the excitatory/inhibitory amino acid metabolic pathway in PD patients (Figure 1). Meanwhile, the correlation between the levels of the neurotransmitters and the PD-related symptom scale scores was assessed, which may provide novel insights into the clues and rationale for diagnosing and treating clinical PD.

[image: Diagram of biochemical pathways. The top section shows the tryptophan pathway, featuring compounds like Trp, 5-HTP, 5-HT, 5-HIAA, and others with arrows indicating transformations between them. The lower section displays other neurotransmitters, including Glu, GABA, Gly, Asp, and Ado, with some arrows indicating conversion.]

FIGURE 1
 Neurotransmitter metabolic pathways of tryptophan and excitatory/inhibitory amino acids. Neurotransmitters and metabolites: Trp, tryptophan; KYN, kynurenine; 3-HK, 3-hydroxykynurenine; 3-HAA, 3-hydroxyanthranilic acid; KA, kynurenic acid; XA, xanthurenic acid; QA, quinolinic acid; PA, picolinic acid; NA, niacin; NAM, nicotinamide; 5-HTP, 5-hydroxytryptophan; 5-HT, 5-hydroxytryptamine; 5-HIAA, 5-hydroxyindole acetic acid; NAS, N-acetyl-5-hydroxytryptamine; MLT, melatonin; MeOTA, 5-methoxyltryptamine; Glu, glutamic acid; GABA, 4-aminobutyric acid; Gly, Glycine; Asp, aspartic acid; Ado, adenosine.




2 Materials and methods


2.1 Patient and control recruitment

This study was conducted in collaboration with Jiangsu Provincial People’s Hospital and approved by the Ethics Committee of Nanjing Medical University (Ethics No.2022-SR-372). All participants signed an informed consent form. Middle-aged and elderly patients (aged 50 years and above) who clinically presented to the hospital with complaints of Parkinson’s disease were selected for the study. Patients with Parkinson’s disease were diagnosed and assessed according to the MDS Unified-Parkinson Disease Rating Scale (UPDRS), the Non-Motor Symptoms Scale (NMSS), the Mini-Mental State Examination (MMSE), the Hamilton Anxiety Scale (HAMA), and the Hamilton Depression Scale (HAMD). Meanwhile, baseline demographic information on individuals was collected from the patient’s hospital registry at the time of admission. The control group consisted of inpatients from other departments whose gender and some demographic information matched those in the medical record group, and they were assessed using the scale and by professional clinicians to ensure that they did not have Parkinson’s disease. In addition, the exclusion criteria for all individuals included (1) non-secondary or atypical Parkinson’s disease, (2) family history of Parkinson’s disease, and (3) inability to complete clinical assessments.



2.2 Sample collection

Fasting blood was collected and centrifuged, after which the supernatant was dispensed into 2 ml centrifuge tubes and wrapped in plastic sealing film to prevent leakage. The samples were immediately transferred to a −80°C refrigerator for storage.



2.3 UHPLC–MS/MS neurotransmitter analysis

Two different UHPLC–MS/MS methods were applied to detect neurotransmitters in serum samples. Method I detected tryptophan and its metabolites (except MLT and NAS), and method II detected MLT, NAS, and the excitatory/inhibitory amino acids and their metabolites. Methods I and II use different internal standard (IS) substances.

The instrument setup consists of the Ulimate 3000 Ultra High-Performance Liquid Chromatograph (UHPLC) of Thermo Fisher Scientific (Waltham, America) and the Q Exactive four-stage rod orbit trap high-resolution mass spectrometer (Q Exactive) of Thermo Fisher Scientific in tandem. Xcalibur software was used for instrument control, as well as for data acquisition and analysis.


2.3.1 Sample preparation

In a 1.5 ml centrifuge tube, 100 μl serum, 50 μl ISs, and 400 μl methanol were accurately added and vortexed for 30 s. The mixture was centrifuged in a cryogenic high-speed centrifuge at 4°C and 12,000 rpm for 10 min. All supernatants were transferred to a new 1.5 ml centrifuge tube and volatilized dry by placing them in a cryogenic vacuum centrifugal concentration system.

Method I: After evaporation, 100 μl of initial mobile phase (water:acetonitrile = 99:1, formic acid 0.1%) was added, vortexed for 1 min, and centrifuged at 12,000 rpm for 10 min at 4°C. Then, 40 μl of the supernatant was transferred to a brown glass-lined injection bottle, and the injection volume was 2 μl.

Method II: After evaporation, 50 μl of NaHCO3 (pH = 9, 0.2 M) and 50 μl of Dansyl chloride (2 mg/ml, dissolved in acetone) was added into the centrifuge tube, vortexed, and mixed for 1 min. The mixture reacted in a water bath at 60°C for 8 min and then centrifuged at high speed at 12,000 rpm for 10 min at 4°C. Then, 50 μl of the supernatant was taken in a brown injection vial with a glass-lined tube, and the injection volume was 2 μl.



2.3.2 UHPLC–MS/MS analysis

In all the methods using UHPLC–MS/MS in this study, mass spectra were performed using a heated electrospray ionization source (HESI) for analyte ionization and multiple reaction monitoring (MRM) modes for quantitative analysis.

Method I: An Acquity UPLC HSS T3 column (100 × 2.1 mm, 1.8 μm) was used. The column temperature was 40°C. The mobile phase composition was as follows: mobile phase A contained water containing 0.1% formic acid, and mobile phase B contained acetonitrile containing 0.1% formic acid. The gradient elution procedure was as follows: 0–0.5 min, 1%B; 0.5–2 min, 1–70% B; 2–4 min, 70–95% B; 4-5 min, 95%B; 5–5.1 min, 95–1% B; and 5.1-7 min, 1%B. The total run time and flow rate were 7 min and 0.25 min/ml, respectively. The mass spectrometry parameters were set as follows: the electrospray voltage was set at 30 kV, the capillary temperature was 350°C, heater temperature was 500°C, the sheath gas flow rate was 55 arb, the auxiliary gas flow rate was 55 arb, and the purge gas flow rate was 35 arb.

Method II: An Acquity UPLC BEH C18 column (100 mm × 2.1 mm, 1.7 μm) was used. The column temperature was 35°C. The mobile phase composition was as follows: mobile phase A contained water containing 0.1% formic acid, and mobile phase B contained acetonitrile containing 0.1% formic acid. The gradient elution procedure was as follows: 0–1 min, 10% B; 1–4 min, 10-60%B; 4–6 min, 60%B; 6–15 min, 60–95% B; 15–17 min, 95% B; 17–17.1 min, 95-10%B; and 17.1–20 min, 10%B. The total run time and flow rate were 20 min and 0.25 min/ml, respectively. The parameter settings for the mass spectrometry were specified as follows. The electrospray voltage was 30 kV, the capillary temperature was 350°C, the heater temperature was 280°C, the sheath gas flow rate was 46 arb, the auxiliary flow rate was 10 arb, and the purge gas flow rate was 3 arb.




2.4 Statistical analysis

SPSS 26.0 software was used for the statistics and analysis of the experimental data, and GraphPad Prism 8.0 was used to draw statistical graphs. For the comparison of dichotomous data between the two groups, the chi-squared test was used for those that met the four-cell test criteria, and Fisher’s exact test was used for those that did not meet this criteria. For quantitative data between the two groups, the distribution was first evaluated using the normality test. If the data were normally distributed, the two groups were represented by Mean ± SEM; if the data were not normally distributed, they were represented by the median. A non-parametric test is used to compare the data with a non-normal distribution. For data with normal distribution, if the chi-squared test yields a p-value >0.05, Student’s t-test was used for comparison; for data with uneven variance (p < 0.05), Welch’s t-test was used for comparison. For data conforming to a normal distribution, the Pearson correlation coefficient was used to analyze the data; otherwise, the Spearman correlation coefficient was used to analyze the correlation, and a p-value of <0.05 was considered statistically significant.

MetaboAnalyst 4.0 was used for multivariate statistical analysis of principal component analysis (PCA), orthogonal partial least squares discriminant analysis (OPLS-DA), and sparse partial least squares discriminant analysis (SPLS-DA) models.




3 Results


3.1 Demographics and clinical information

Detailed clinical data are presented in Supplementary Table S1. A total of 27 Parkinson’s patients and 19 participants from the control population who met the criteria were included in this study. Demographic data such as age, gender, and body mass index (BMI) were analyzed. As shown in Table 1, the age distribution, sex ratio, and clinical indicators were similar between the two populations (all p > 0.05).



TABLE 1 Basic information on Parkinson’s patients and controls.
[image: Table comparing demographic and physical characteristics between control and Parkinson's disease patient groups. Variables include the number of males, age, height, weight, and BMI. The number of males is 19 in controls and 27 in patients. Mean age for controls is 71.2 years and 67.1 for patients. Controls' height averages 166.9 cm, while patients average 162.2 cm. Average weight is 67.0 kg for controls and 62.0 kg for patients. BMI is 23.2 for controls and 23.4 for patients. P-values are provided for each variable, indicating statistical significance, with the lowest p-value being 0.065 for height.]



3.2 Alterations of neurotransmitters and the corresponding metabolites in the serum of Parkinson’s patients


3.2.1 Multivariate statistical analysis

Serum samples from the PD patients and control population were collected, and the neurotransmitter levels were detected using the UHPLC–MS/MS assay. It showed that there was a significant difference in the neurotransmitter levels between the two groups (Table 2). Based on the results, the multivariate statistical analysis model was performed to analyze the overall changes (Figure 2). The PCA can characterize the distribution of data through data dimensionality reduction. The OPLS-DA can weaken intragroup differences and highlight intergroup differences. The SPLS-DA can classify samples by selecting the most discriminatory features in the data. The PCA, OPLS-DA, and SPLS-DA models were used to investigate the overall changes in neurotransmitter metabolism. The PCA model showed a slight separation between the Parkinson’s patient group and the control group, whereas a more pronounced separation between the PD group and the control group was found by both the OPLS-DA and SPLS-DA models, suggesting the disturbed metabolism of neurotransmitters in the serum of Parkinson’s patients.



TABLE 2 Serum levels of neurotransmitters and the corresponding metabolites in control and PD groups.
[image: Table comparing median levels of various compounds in control and PD (Parkinson's Disease) groups and their associated pathways. Compounds such as Trp, KYN, KA, and others under the tryptophan pathway, and Glu, GABA, Gly, Asp, and Ado under other neurotransmitters are listed. Statistically significant differences are highlighted, with notes indicating p-values: *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 compared to the control group.]

[image: Three score plots compare two groups, Control and PD, using different analyses: PCA, OPLS-DA, and SPLS-DA. Each plot features two distinct colored clusters, pink for Control and green for PD, with overlapping regions. The PCA plot shows principal components, OPLS-DA shows orthogonal components, and SPLS-DA displays selected components. Plots illustrate data separation and clustering effectiveness for each method.]

FIGURE 2
 PCA, OPLS-DA, and SPLS-DA plots of neurotransmitter metabolic changes in the serum of the PD and control groups.




3.2.2 Non-parametric tests and independent samples t-tests

After identifying the significantly altered neurotransmitters in the serum of Parkinson’s patients, we proceeded to investigate the target neurotransmitter metabolism in the serum.

Table 2 and Figure 3A show substantial differences in the neurotransmitter levels in Trp metabolism in the Parkinson’s patient group compared to the control group. Significant changes in the levels of tryptophan and some of the active metabolites in its metabolic pathway were observed in detail. Serum levels of Trp were significantly decreased in Parkinson’s patients compared to controls (p = 0.006), with a commensurate decrease in the levels of one of its key downstream active metabolites, KYN (p < 0.0001). KA, an important neuroprotective substance on the Trp-KYN pathway, significantly decreased in the serum of Parkinson’s patients (p = 0.008). Meanwhile, other neurotransmitters in the Trp-KYN metabolic pathway, including 3-HAA, 3-HK, and QA, were not statistically different between the Parkinson’s patient group and the control group. NAM, the terminal substance of the Trp-KYN metabolic pathway, exhibited a decreased trend in the serum of Parkinson’s patients (p < 0.0001). Meanwhile, the level of the terminal substance MeOTA in the serum of Parkinson’s patients was significantly lower than that of controls (p = 0.015) in the Trp-5-HT metabolic pathway.

[image: Bar graphs comparing concentrations of various compounds between control and PD groups.   A: Trp (Tryptophan), KYN (Kynurenine), KA (Kynurenic Acid), NAM (Nicotinamide), and MeOTA concentrations; all show a decrease in the PD group with significance levels indicated: Trp (p<0.01), KYN and NAM (p<0.0001), KA (p<0.01), MeOTA (p<0.05).   B: Glu (Glutamate), GABA (Gamma-aminobutyric acid), and Asp (Aspartate) concentrations also decrease in the PD group: Glu (p<0.001), GABA (p<0.05), Asp (p<0.0001).]

FIGURE 3
 Differences in neurotransmitter levels in serum samples from Parkinson’s patients and controls. (A) Differences in levels of partial Trp pathway metabolites in serum samples from Parkinson’s patients and controls. (B) Differences in levels of Glu, GABA, and Asp in serum samples from Parkinson’s patients and controls. All non-parametric tests were used. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs. the control group.


In addition to the tryptophan metabolic pathway, a number of neurotransmitters associated with excitatory/inhibitory amino acids and the corresponding metabolites were detected. As shown in Figure 3B, the excitatory neurotransmitters Glu (p < 0.001) and Asp (p < 0.0001) were significantly decreased in the serum of Parkinson’s patients compared to the control group. Similarly, GABA, a metabolite of Glu, also displayed a significant decrease in the serum of Parkinson’s patients (p = 0.022). These results suggest a disturbance of the neurotransmitter homeostasis associated with the Trp and the excitatory/inhibitory amino acid metabolic pathways in Parkinson’s patients.




3.3 Altered neurotransmitter dynamics in the serum of Parkinson’s patients

The dynamic metabolism of the neurotransmitter reflects the direction of neurotransmitter conversion, which serves as a critical index for disease assessment (Kim et al., 2024).

Therefore, the alteration assessed by the ratio of the critical neurotransmitters was investigated. As depicted in Figure 4, the GABA/Glu ratio was significantly increased (p = 0.005), indicating that the metabolic rate of Glu is increased in PD patients and that the pathways involved in the production of GABA are aberrantly activated. Meanwhile, for the Trp metabolic pathway, the KA/KYN (p < 0.0001), 3-HK/KYN (p < 0.001), and 5-HTP/Trp (p = 0.025) ratios were significantly increased. Reciprocally, the NAM/NA (p < 0.0001) and KYN/Trp (p < 0.0001) ratios were significantly decreased. In addition, the QA/KA (p = 0.073) ratio displayed an increased tendency, and the MeOTA/5-HT (p = 0.062) displayed a decreased tendency. These results, taken together, suggest the disturbed Trp metabolism and the aberrant metabolic conversion of the neurotransmitters in PD patients.

[image: Bar charts compare various biochemical ratios between control and PD groups. Panel A shows decreases in KYN/Trp, NAM/NA, and increases in KA/KYN, 3-HK/KYN, 5-HTP/Trp with significant p-values, while QA/KA and MoETA/5-HT slightly differ. Panel B shows GABA/Glu increases in PD with a significant p-value. Error bars indicate variability.]

FIGURE 4
 Differences in neurotransmitter synthesis and metabolism in serum between Parkinson’s patients and controls. (A) Difference in neurotransmitter dynamic metabolism in the Trp pathway. (B) Differences in the GABA/Glu ratio. Non-parametric tests were used. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs. the control group.




3.4 Correlation between behavioral scale scores and neurotransmitters in Parkinson’s patients

After determining the differences in the neurotransmitter levels and the distinct dynamic metabolic properties of the aforementioned neurotransmitters, we then explored whether there were some potential links between the aberrant neurotransmitter metabolism and the behaviors of Parkinson’s patients and healthy individuals.

Five scales, including UPDRS, NMSS, MMSE, HAMA, and HAMD, were used for the behavior test. The results are shown in Figures 5, 6. It showed that the levels of Glu, XA, and PA and the ratio of XA/3-HK were negatively correlated with the UPDRS scores; NMSS scores exhibited a negative correlation with the NAS level and the KYN/Trp ratio. In addition, the level of GABA and the XA/3-HK ratio displayed a positive association with MMSE scores, whereas the level of 3-HK and the 3-HK/KYN ratio were negatively associated with MMSE scores. Notably, Trp and its metabolites are significantly associated with HAMA scale scores. It showed that HAMA scale scores negatively correlated with the levels of KYN, 5-HT, 5-HIAA, NAS, 5-HT/5-HTP, 5-HT/Trp, and KYN/Trp ratios. Concomitantly, the PA level, KA/KYN, and PA/QA ratios were positively correlated to some extent with HAMA scores. For the depression test, the HAMD scale scores and neurotransmitter correlations were similar to those of the HAMA scale. Figures 5, 6 indicated that the levels of KYN, 5-HT, 5-HIAA, and NAS of the Trp metabolic pathway and the 5-HT/Trp ratio were negatively associated with HAMD scores. Reciprocally, the PA levels, KA/KYN, PA/3-HAA, and NAM/NA ratios were positively associated with HAMD scale scores. However, the 5-HT/Trp and KA/KYN ratios and the 5-HT, PA, and KYN levels displayed no statistical significance. These results suggest that the abnormal neurotransmitter levels and the disorder of conversion metabolism in PD patients may have potential applications as biomarkers to assist in the diagnosis of PD.

[image: Scatter plots showing correlations between various biomarker levels and clinical scores. Each plot includes a trend line with Spearman correlation coefficients and p-values. Plots include relationships between XA/3-HK and UPDRS, PA and UPDRS, XA/3-HK and MMSE, GABA and MMSE, NAM/NA and HAMD, PA/3-HAA and HAMD, 5-HIAA and HAMD, and NAS and HAMD scores. All analyses indicate significant correlations.]

FIGURE 5
 Correlation of Clinical Symptom Scale scores with neurotransmitters in Parkinson’s patients. The correlation between scale scores and serum metabolite levels is expressed as Spearman’s r-value.


[image: Heatmap comparing various biomarkers with UPDRS, NMSS, MMSE, HAMA, and HAMD scores. Colors indicate correlation strength, ranging from blue (negative) to red (positive), with p-values and significance marked by asterisks.]

FIGURE 6
 Spearman’s correlation heatmap of the correlation between neurotransmitters in Parkinson’s serum and clinical scale scores. The scale (right legend) indicates the degree of positive (red) or negative (blue) correlation, and asterisks indicate significance (*p < 0.05).





4 Discussion

The clinical research on the pathophysiology of PD has made great progress in recent decades. PD, one of the major neurodegenerative diseases, has a complex etiology and possesses not only clinical heterogeneity but also complex motor and non-motor symptoms (Cacabelos, 2017; Armstrong and Okun, 2020; Yuan et al., 2013). The absence of dopaminergic neurons in the striatum and substantia nigra is a key event of Parkinson’s disease, pathologically manifested as the aggregation of α-synaptic proteins in the substantia nigra with a number of other proteins to form a toxic protein known as Lewy bodies. The deposition of this toxic protein stimulates the activation of microglia, which releases inflammatory factors and exacerbates neuronal damage (Sarkar et al., 2016). Notably, in the early stages of PD, the non-motor symptoms (NMS) often precede motor symptoms (Morimoto et al., 2023). NMS is present not only in the prodromal stage but also in all stages of the dyskinesia of PD and even in the final palliative stage (Titova and Chaudhuri, 2018). Notably, the presence of NMS not only reduces the quality of life of the patients but also aggravates their motor symptoms, such as gait disturbances (Avanzino et al., 2018). Most of the occurrences of NMS have been shown to be associated with neurotransmitter metabolic disorders (Gu et al., 2024; Ahmad et al., 2023; Samizadeh et al., 2023). Therefore, we assumed aberrant neurotransmitter metabolism may directly or indirectly reflect the alterations of PD in the central nervous system. In the current study, the serum levels of the metabolites from the Trp metabolic pathways and other key neurotransmitters (Glu, GABA, Gly, Asp, and Ado) were investigated. Moreover, the correlations between the aberrant alteration of neurotransmitters and the clinical behaviors were addressed in PD patients, which may help in the diagnosis and treatment in the early stage of PD.

In the present study, the serum levels of neurotransmitters in PD patients differed from those in the serum of the control population. Notably, abnormal levels of the active metabolites associated with the Trp metabolic pathway have gained more attention for their potential roles as novel biomarkers for PD. Sorgdrager et al. found lower levels of Trp in the peripheral blood of patients with PD compared to controls, which is partially in accordance with our results in the current study (Sorgdrager et al., 2019). Moreover, our studies expanded the research into the downstream metabolic pathways of the Trp and found that KYN, one key metabolite of Trp, was significantly decreased. It supported the conclusion made by Heilman et al. that KYN levels decreased in cerebrospinal fluid and plasma in PD patients. However, it was in contrast to the results of Bai et al. observed in the urine of Parkinson’s patients. The reasons may be complex, but we suspect that different samples and stages in PD patients were involved, and more research pertaining to Trp metabolism is required in PD patients (Heilman et al., 2020; Bai et al., 2021).

KA is one of the important metabolites of KYN and has neuroprotective effects due to its ability to scavenge reactive oxygen species and extracellular glutamate (Platten et al., 2019). Reciprocally, QA, another metabolite of KYN, exhibited neurotoxicity and enhanced glutamatergic signaling, which is considered a potential biological mechanism for depression (Brown et al., 2023). As expected, the level of KA in the peripheral blood of PD patients in the current work was significantly decreased, accompanied by an increased QA/KA ratio, indicating the KP metabolism converted to a toxic pathway, in which the rate-limited enzymes, such as KATs, 3-HAO, IDO, and TDO may play pivotal roles. In addition, the 5-HT metabolic pathway, another key metabolic pathway of Trp (Zhu et al., 2020), is also impaired in PD patients. NAS, a precursor to melatonin in the Trp metabolic pathway, provides neuroprotection and prevents oxidative stress damage from H2O2 (Álvarez-Diduk et al., 2015). In this study, we found that there was a trend of decreasing NAS concentration in the serum of PD patients. MeOTA is a close metabolite of 5-HT and that the MeOTA/5-HT ratio decreases (Edwards and Zup, 2021). This evidence suggests that the protective metabolic pathway of 5-HT in PD patients was attenuated.

In addition to the Trp metabolic pathway, some other neurotransmitters key to psychiatric disorders were also altered in PD patients, including GABA, Glu, and Asp. Recently, it has been shown that α-synuclein interacts with microtubule β—iii to form a toxic complex, which may affect the release of neurotransmitters from interneurons such as GABA; in parallel, α-synuclein reduces Glu concentrations, and similar results were also found in paraquat and rotenone-induced models of PD (Lei et al., 2014; Mally et al., 1997). Dysregulation of the GABA pathway in Parkinson’s disease triggers neuronal hyperexcitability, leading to dyskinesia or bradykinesia. In a recent study, Ali et al. found that GABA treatment is able to, at least in part, prevent PD by modulating Ca2+−related ion channels to block excitotoxicity, oxidative stress, and mitochondrial dysfunction induced by elevated Ca2+ concentrations (Ali et al., 2024). Meanwhile, Lemos et al. found that GABA deficiency may lead to increased striatal discharge, resulting in motor retardation in PD patients (Lemos et al., 2016). Reciprocally, GABA agonist administration improved motor symptoms in Parkinson’s model rats (Hajj et al., 2015). For Glu, it is a precursor substance of GABA. Elevated levels of Glu in the medial substantia nigra/pallidum drive inhibition of thalamocortical feedback, which leads to motor dysfunction. However, there is no increase in levels of Glu in the medial substantia nigra/pallidum in PD mice when tested directly (Obeso et al., 2008; Gerlach et al., 1996). The Glu level was decreased in the current study, accompanied by GABA reduction. It may ascribe the GABA reduction to the decrease of Glu, which can be metabolized by glutamic acid decarboxylase (GAD), and further study will be performed on the expression of the GAD levels. As an important amino acid that regulates mitochondrial function, Asp can also be involved in the synthesis or metabolism of a number of substances that play a role in the development of neural tissue and neurotransmission (Holeček, 2023). For example, its brain-metabolized derivative, N-acetyl aspartate, is a potent inhibitor of protein aggregation, which may play a role in Parkinson’s disease (Warepam et al., 2021). The results of our study show that in PD patients, Asp levels in serum were significantly decreased, which is consistent with the study of Yuan et al. (2013). These pieces of evidence implied that changes in GABA, Glu, and Asp are closely related to PD development, which may serve as potential biomarkers, but the specific roles of these substances in Parkinson’s disease need to be further investigated.

A series of clinical checklists can be used to assess motor and non-motor symptoms and the life quality of PD patients, etc., through which more accurate quantitative studies can be conducted. The scales used in this study are UPDRS, NMSS, MMSE, HAMA, and HAMD. The UPDRS is the internationally recognized and most commonly used screening scale to comprehensively assess a patient’s motor function, the day-to-day impact of motor and non-motor symptoms of PD, and disease severity. In this study, we found that PD patients with increased levels of XA, accompanied by an enhanced XA/3-HK ratio, exhibited lower UPDRS scores and improved PD-like symptoms. It strengthened the evidence of Heilman et al., who found a significant decrease in 3-HK levels when using mass spectrometry for targeted metabolite assays in plasma of PD patients (Heilman et al., 2020). Meanwhile, it has been found that XA can interact with glutamate receptors and can show antipsychotic-like effects (Fazio et al., 2016), which was in line with the results of the present study.

Non-motor symptoms are very common and adversely impact patients’ quality of life. The NMSS, MMSE, HAMA, and HAMD used in this study are commonly used in clinical practice and can be used to assess the mental status, cognitive function, and depression or anxiety of PD patients. It was found that Trp and its related neuroactive substances of the 5-HT metabolic pathway were strongly associated with non-motor symptomatic processes in PD patients. It has been shown that depressive symptoms are the main non-motor symptom of PD, and patients treated with 5-HT reuptake agents showed a significant improvement in depression-like behaviors, which is in accordance with our previous findings that activation of 5-HT and 5-HIAA metabolic pathways negatively correlate with depression and anxiety symptom severity (Wang et al., 2022).

To the best of our knowledge, this study is the first to reveal metabolic changes in the Trp metabolic pathways and other key neurotransmitters (such as Glu, GABA, Gly, and Asp) in the peripheral blood of PD patients, along with their associations with motor and non-motor symptoms. However, there were still some limitations in the current study: first, the sample size of PD patients and controls was relatively small, and future studies should include a larger cohort. Second, this study assessed neurotransmitter levels only in peripheral blood, whereas cerebrospinal fluid measurements would provide more accurate insights. Finally, although we characterized neurotransmitter metabolism using ratios of altered neurotransmitter levels, further investigation of relevant rate-limiting enzymes is warranted.



5 Conclusion

In summary, the present study revealed an unrecognized disturbed neurotransmitter metabolism in PD patients, which is closely associated with both motor and non-motor symptom processes. Consequently, targeting neurotransmitter metabolism might provide novel insights into potential therapeutic strategies for preventing and treating PD.
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Parkinson’s disease (PD) is a prevalent neurodegenerative disorder, best known for its motor symptoms such as resting tremor, muscle rigidity, and bradykinesia. However, autonomic dysfunction is an important non-motor aspect that often brings considerable discomfort and distress to both patients and their families. In this review, we summarize recent advances in understanding the pathophysiological mechanisms of autonomic dysfunction and explore its relationship with other clinical features. Our aim is to discover novel potential diagnostic and therapeutic strategies, alleviate patient suffering, and pave the way for future clinical and basic research.
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1 Introduction

Parkinson’s disease (PD) is a common and complex neurodegenerative disease. While PD is most typically observed in the elderly, a growing hypothesis suggests that a prodromal phase, marked by a range of early symptoms, may begin as early as a person’s 20s (Darweesh et al., 2018; Fereshtehnejad et al., 2019). Studied for centuries, the hallmark pathophysiology of PD is involves by a decrease in dopamine in substantia nigra neurons and striatum, and the formation of intracellular inclusion bodies that contain α-synuclein(α-syn) aggregates (Shahmoradian et al., 2019; Tolosa et al., 2021; Chu et al., 2024). The clinical features include motor symptoms represented by bradykinesia, resting tremor, increased muscle tone, and gait abnormalities, as well as non-motor symptoms such as olfactory disturbances, sleep disturbances, cognitive dysfunction, emotional abnormalities, and autonomic dysfunction (Bloem et al., 2021). Autonomic dysfunction (AutD) is an important non-motor symptoms in PD, which includes gastrointestinal dysfunction, cardiovascular dysfunction, urinary dysfunction, thermoregulatory dysfunction, pupillary motor function and sexual dysfunction (Chen et al., 2020; Pfeiffer, 2020). It has been reported that 70–80 per cent of patients may suffer from gastrointestinal autonomic dysfunction (Perez-Pardo et al., 2017). Additionally, about 30–50 per cent of patients experience orthostatic hypotension. Cardiovascular dysfunctions significantly impact patients’ lives by causing extreme blood pressure instability, which not only affects the cognitive functioning but also weakens their ability to perform daily activities (Palma and Cortelli, 2023; Palma et al., 2024). Furthermore, slow gastric emptying and constipation can impair the pharmacodynamics of medications, leading to a deterioration of motor function (Chung and Pfeiffer, 2020; Leta et al., 2023).

Research has revealed that AutD may appear years before than motor symptoms in Parkinson’s disease, and more than half of PD patients experience at least one form of the AutD, which can significantly impact their quality of life (Bloem et al., 2021; Longardner et al., 2022). Moreover, AutD is considered a key feature in the diagnosis of prodromal PD and serves a prognostic biomarker (Schapira et al., 2017; Blesa et al., 2021). Although the current understanding of AutD in PD is well documented, its precise pathogenesis and relationship to other PD symptoms are remain unclear (Chaudhuri, 2021).

Given the significant impact of AutD on the lives of PD patients, and with the International Parkinson and Movement Disorder Society (MDS) introducing various clinical rating scales to assess it, AutD has become a cutting-edge area of PD research (Chen et al., 2020; Chaudhuri, 2021). This review highlights recent understanding of AutD in PD. In contrast to previous reviews, we summarize current research on the correlation between autonomic dysfunction and other related clinical symptoms in patients with PD. Our review describes some of the common pathogenetic mechanisms that have been identified, thus filling the gaps in this area, aiming to explore more diagnostic and therapeutic approaches to autonomic dysfunction and lay the foundation for future high-quality clinical and basic research.



2 Pathogenesis of autonomic dysfunction in PD

Dopaminergic deficits in nigral neurons and the striatum, along with the accumulation of α-synuclein in intraneuronal inclusion bodies, are recognized as characteristic neuropathological features of Parkinson’s disease (PD). In addition to these well-known mechanisms, other theories suggest that PD pathogenesis may also involve factors such as traumatic injury, genetic mutations, mitochondrial dysfunction, and neuroinflammation. However, the exact pathogenesis of autonomic disorders in PD has not yet been clearly demonstrated. Current research suggests multiple factors may contribute to the pathogenesis of AutD in PD, potentially involving abnormal protein deposition and neuronal destruction, genetic problems, and environmental factors (Chen et al., 2020; Bloem et al., 2021).


2.1 Abnormal protein deposition and neuronal destruction

The deposition of alpha-synuclein(α-syn) and phosphorylated α-syn in autonomic neurons and their innervated regions, along with the neuronal degeneration, are considered as key factors contributing to autonomic dysfunction in patients with Parkinson’s disease (PD). PD with autonomic impairment is recognized to involve varying degrees of α-syn accumulation and neuronal destruction across both central and peripheral nerves (Pfeiffer, 2020). For example, in the hypothalamus of PD patients with autonomic dysfunction, α-syn deposition was found in the paraventricular, infundibular, and supraoptic nuclei, but the severity of symptoms was not found to be significantly correlated with alpha-syn deposition (De Pablo-Fernandez et al., 2017). Additionally, α-syn deposition has been detected in other central autonomic control centres, such as those in the cortex, brainstem, and spinal cord, which are hypothesized to contribute to autonomic dysfunction in PD (Christopher et al., 2014; De Pablo-Fernandez et al., 2017; Chen et al., 2020).

Neurosonography of PD patients with parasympathetic dysfunction revealed that these patients exhibited a smaller vagal cross-sectional area compared to controls. This reduction was considered to be caused by α-syn deposition, leading to progressive neurodegenerative lesion (Huckemann et al., 2023). Studies in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine(MPTP)-injected mice have shown that phosphorylated α-syn can accumulate in Schwann cells within the vagus nerve, where it interacts with Toll-like receptors to induce apoptosis in these cells. This process is thought to lead to autonomic dysfunction in mice, manifesting primarily as impairments in the gastrointestinal, cardiovascular, and urinary systems (Li et al., 2024). In transgenic mouse model of PD, α-syn deposits were observed to accumulate with age in the colon’s submucosal and myenteric plexus neurons, leading to autonomic dysfunction, predominantly manifesting as constipation. Notably, this pathological change in the gut appeared before the onset of motor symptoms, suggesting that α-syn may spread from the gut to the brain via the vagus nerve (Chen et al., 2018). This finding may explain why some PD patients initially develop autonomic deficits in the gastrointestinal tract. However, a subsequent study found that α-syn deposition in the gastrointestinal tract did not directly affect the autonomic function of its associated segments, suggesting that α-syn may not be the primary driver of gastrointestinal autonomic dysfunction (Lee et al., 2018). Further studies are needed to determine whether gastrointestinal autonomic dysfunction is indeed related to α-syn aggregation.

Research on sympathetic nerves has yet to fully explain the mechanism underlying norepinephrine deficiency in some PD patients. A team has proposed a novel mechanism, which find that α-syn deposits are present in sympathetic nerves within blood vessels, sweat glands, erector spinae, and myocardium. This mechanism suggests that α-syn deposits in sympathetic nerves may contribute to autonomic dysfunction in PD, particularly cardiovascular and thermoregulatory issues, by disrupting norepinephrine release through sympathetic nerve inactivation. However, further studies are required to confirm this hypothesis (Isonaka et al., 2019).



2.2 Genetic factors

Parkinson’s disease is also a hereditary disorder, with a recent review in The Lancet indicating that the genetic risk of Parkinson’s disease ranges from 22 to 40% (Ben-Shlomo et al., 2024; Morris et al., 2024). Of these, about 10% are due to single-gene mutations, with common mutations occurring in genes like Leucine-rich repeat kinase 2 (LRRK2), Parkin RBR E3 Ubiquitin Protein Ligase (PRKN), and Synuclein Alpha (SNCA) (Wanneveich et al., 2018; Isonaka et al., 2021). In addition, genes such as mutations in the β-glucoside cerebroside gene (GBA) have also been proposed, with patients carrying these mutations exhibiting more severe motor symptoms and greater likelihood of autonomic dysfunction in Parkinson’s disease (Gonçalves et al., 2021).
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FIGURE 1
Symptoms of autonomic dysfunction in the PD patients. This figure demonstrates the types of symptoms experienced by patients. The diagram was produced and generated by Adobe Photoshop.


The SNCA gene was the first gene identified as the causative factor of PD. Different point mutations in this gene are associate with different clinical manifestations, with the more recurrent mutations, more likely to be linked to prominent non-motor symptoms, including autonomic dysfunction (Magistrelli et al., 2021). PD patients with E46K-SNCA mutation experience prominent non-motor symptoms. A comparison of skin biopsies from E46K mutation in alpha-synuclein gene (E46K-SNCA) carriers, parkin gene mutation (PARK2) carriers, and healthy controls revealed that E46K-SNCA carriers exhibited more substantial α-syn deposits and a marked reduction in small nerve fiber density. Previous studies have shown pronounced denervation of cardiovascular autonomic nerves in these carriers, supporting the view that E46K-SNCA mutations are associated with significant autonomic dysfunction compared to other genotypes (Carmona-Abellan et al., 2019). Two other common variants, A30P and A53T, also show autonomic dysfunction, significant impairment of the gastrointestinal dysfunction is observed in animal studies (Carmona-Abellan et al., 2019). In addition, rs11931074 mutation in the SNCA gene has been linked to α-syn deposition in the enteric nervous system of PD patients, which impacts gastrointestinal autonomic dysfunction in PD patients (Chung et al., 2019). In contrast, PD patients with the G2385R mutation in LRRK2 exhibit higher prevalence and severity of autonomic dysfunction-primarily in cardiovascular, gastrointestinal, and urinary functions, but the specific pathogenesis of this needs to be further investigated (Yang et al., 2021).


TABLE 1 The treatments for autonomic dysfunction in PD patients.

[image: Table detailing various treatments for autonomic dysfunction (AutD). It is divided into traditional and new treatments. Columns include Treatment, Mechanism, Type of AutD, Possible Adverse Reactions, and References. Traditional treatments like Droxidopa and Fludrocortisone show cardiovascular dysfunction with hypertension as a common adverse reaction. New treatments such as Fipamezole also address cardiovascular dysfunction, but liver damage is noted for Atomoxetine. Gastrointestinal and urinary dysfunctions are listed with associated side effects like nausea and urinary tract infections. Each entry includes literature references.]

Heart rate and blood pressure are among the earliest and most common indicators of cardiovascular dysfunction in PD patients. Analysis of PD patients using heart rate variability (HRV) has shown that those with GBA mutations tend to have higher resting and upright heart rates, along with greater blood pressure decreases upon standing, compared to patients with idiopathic PD and healthy controls, suggesting parasympathetic impairment. Carandina et al. (2022) propose that the GBA mutation may lead to a deficiency in the lysosomal enzyme glucocerebrosidase (GCase), which impairs the breakdown of lysosomal α-synuclein, resulting in significant cardiovascular autonomic dysfunction. A similar pathogenic process may also underlie gastrointestinal autonomic dysfunction, particularly constipation, in PD patients with GBA mutations. Further analysis has indicated that PD patients with GBA mutations experience impaired sweat gland function, primarily in the distal limbs, with skin biopsies revealing severe autonomic nerve loss and reduced sweat gland density due to α-synuclein deposition (Carandina et al., 2022; Devigili et al., 2023). Recently, Giulia’s team concluded that while patients with GBA mutations are more likely to develop orthostatic hypotension (OH), its severity did not appear to be significantly different between GBA-PD and non-GBA-PD patients after instrumental assessment. This finding suggests that further studies are needed to explore the underlying mechanisms (Giannini et al., 2024).



2.3 Other possible factors

A recent research has proposed that abnormal functional connectivity between the insula and limbic lobes in patients with early-stage Parkinson’s disease may contribute to severe autonomic dysfunction symptoms (Conti et al., 2024). In addition, secretion, transport and release of central transmitters play crucial roles in autonomic dysfunction observed in PD patients. In particular, Dopamine is essential in regulating autonomic functions. A study of cranial brain imaging and autonomic dysfunction in 310 PD patients found that degeneration of dopaminergic neurons in the striatum is linked to autonomic dysfunction, primarily affecting gastrointestinal and cardiovascular functions (van Deursen et al., 2020). Urinary tract disorders in PD are believed to arise from multiple factors. Given that most PD patients are elderly, it is essential to determine whether urinary symptoms in male patients are due to prostate enlargement or PD-related urinary dysfunction (Valentino et al., 2018). The severity of striatal dopamine transporter deficiency has been correlated with bladder symptoms (Metzger and Emborg, 2019). Additionally, PD pathology affects other anatomical structures involved in bladder function, including the raphe nuclei and the locus coeruleus (VanderHorst et al., 2015). Abnormal pupillary function in PD may also be linked to the loss of dopamine in the central nervous system and retina, which in turn leads to visual hallucinations and ocular dyskinesia. In cases of pupillary constriction disorders, neuron loss in the Edinger-Westphal nucleus is implicated in the pathogenesis of PD (Metzger and Emborg, 2019).

The gut-brain axis has emerged as a hotspot for research into the pathogenesis of autonomic dysfunction in PD. The digestive tract is the main location where interactions occur between the outside environment and the body’s internal environment. Environmental changes in the gastrointestinal tract, especially changes in gastrointestinal flora have been found to have an important role in the pathogenesis of PD. Many studies have found that changes in gastrointestinal flora are correlate with cognitive and motor deficits in PD patients (Barichella et al., 2018; Matheoud et al., 2019; Pietrucci et al., 2019; Chen et al., 2020). Although some studies have pointed out that changes in gastrointestinal flora could trigger gastrointestinal inflammatory, autoimmune reactions, and are associated with α-syn deposition, which can spread to the brain and other nervous systems via the vagus nerve. However, no direct correlation has been found between these changes and gastrointestinal dysfunction or other autonomic dysfunction in patients in either basic experiments or clinical studies (Claudino dos Santos et al., 2023). There have been studies that have found bile acid abnormalities in PD patients with abnormal lipid metabolism, which are caused by an imbalance in the intestinal flora. Therefore, PD patients may also be suffering from an imbalance of intestinal flora that affects the biochemical metabolism of the gastrointestinal tract and thus indirectly affects the autonomic function of the gastrointestinal tract (Hasuike et al., 2020; Claudino dos Santos et al., 2023; Higinbotham and Kilbane, 2024).




3 Relationship of autonomic dysfunction to other clinical symptoms of PD


3.1 Relationship to motor symptoms

Neurodegenerative lesions occur in various brainstem regions of PD patients, including the substantia nigra and locus coeruleus. Most of these affected areas were involved in both motor postural control and autonomic regulation (Benarroch, 1993; Seidel et al., 2014), suggest a potential direct link between motor symptoms and autonomic dysfunction.

PD patients with multiregional damage exhibit significant slowness of movement, lower oxygen pulse, oxygen consumption, systolic blood pressure, and respiratory exchange ratio (RER) at maximal exercise load during the 10-meter walk test. These observation suggested that more severe autonomic dysfunction is associated with poorer exercise capacity (Qin et al., 2024). Additional studies have confirmed higher Scales for Outcomes in Parkinson’s disease - Autonomic (SCOPA-AUT) scores in patients with indeterminate subtypes of PD compared with patients with tremor dominant (TD) and postural instability gait disorder (PIGD) subtypes, suggesting that there may be differences in the severity and progression of autonomic dysfunction across PD subtypes (Jeong et al., 2021). However, the relationship between exercise capacity and autonomic dysfunction in patients with PD is not fully understood and further studies are needed to clarify it. One hypothesis suggests that the co-occurrence of both conditions may be attributed to the presence of Lewy bodies, which are extensively distributed in the hypothalamus, the lateral reticular nucleus of the medulla oblongata, sympathetic ganglia, the dorsal nucleus of the vagus nerve, and sacral parasympathetic nuclei within the spinal cord. This distribution may disrupt autonomic regulatory mechanisms and diminish maximum sympathetic activation during movement, thereby impacting patient mobility (Qin et al., 2024).

Some studies found a strong association between autonomic dysfunction (e.g., OH, gastrointestinal symptoms, etc.) and gait disturbance and falls in patients with advanced PD. Kwon et al. (2021a) proposed that early gastrointestinal and axial symptoms in PD may be interconnected within the pathophysiology of the condition. However, the precise mechanisms remain unclear and necessitate further detailed investigation (Kwon et al., 2021a). PIGD has been found to be significantly and positively correlated with the SCOPA-AUT total score and the score of urinary symptoms in patients with PD. Autonomic dysfunction in these patients can impact gait, particularly in the early to mid-stages of the disease (Kwon et al., 2021b; Zhou et al., 2023). The more severe autonomic dysfunction in patients with new-onset PD is associated with poorer performance in gait speed, stride length, walking rhythm, and more pronounced difficulties with backward movement. Notably, urinary autonomic abnormalities in new-onset PD patients are strongly correlated with gait impairment. The research team posits that severe autonomic dysfunction may signify more extensive brain damage, including regions such as the pontine urination center and the periaqueductal gray matter of the midbrain, thereby indicating a potential for comorbidity (Lee et al., 2023).

Postural instability was first linked to autonomic dysfunction in a study by You and colleagues, who found that postural instability in PD patients was associated with parasympathetic autonomic dysfunction (You et al., 2020). Another prospective study that followed 50 PD patients demonstrated that those with cardiovascular dysautonomia (including but not limited to orthostatic hypotension) were more likely to fall. PD patients with more cardiac sympathetic modulation required more efforts to maintain balance in standing (Romagnolo et al., 2018). In 2020, two research teams led by You and Yoan posits that the autonomic and postural pathways share critical relay points within the brainstem, cerebral cortex, and basal ganglia. Autonomic dysfunction resulting from a loss of dominance in cardiac sympathetic innervation and impairment of parasympathetic nerves contributes to alterations in postural control due to disrupted communication between the cerebral cortex and brainstem (Espinoza-Valdés et al., 2020; You et al., 2020). It can be argued that cardiovascular autonomic deficits may be a strong, independent predictor of falls in patients with PD. Therefore, clinicians should be aware of the possibility of postural instability associated with autonomic dysfunction, even though the patient does not have typical postural instability.



3.2 Relationship to non-motor symptoms

In addition to motor symptoms, cognitive impairment, sleep disorders and emotions changes have been found to strongly correlated with autonomic dysfunction in PD. These symptoms significantly affect the life quality of PD patients and have become a hot topic of research in recent years.


3.2.1 Relationship to cognitive impairment

Numerous studies have shown that PD patients with autonomic dysfunction are more likely to experience cognitive impairment. In fact, PD patients may exhibit autonomic symptoms and subtle cognition changes several years before a formal diagnosis, which may affect their differential diagnosis from other α-synucleinopathies (Palermo et al., 2020). Magdalena and coworkers reviewed several studies and found that approximately 25% of these patients showed mild cognitive impairment (MCI) at an early stage, with most also showing blood pressure abnormalities, such as orthostatic hypotension (OH). This may be due to frequent cranial hypoperfusion caused by cardiovascular autonomic dysfunction, leading to unstable blood pressure or neurodegenerative disease affecting central or peripheral noradrenergic pathways (McDonald et al., 2016). However, Magdalena noted that it remains unclear whether the relationship between the cardiovascular system and cognitive impairment is causal or simply correlative, highlighting the need for more rigorous controlled trials to clarify this link (Kwaśniak-Butowska et al., 2021). Recently, Ruiz-Barrio et al. (2023) performed a retrospective analysis and identified that early-stage orthostatic hypotension (OH) is linked to an elevated risk of cognitive impairment. They elucidated that the detrimental effects of OH on cognitive function arise from recurrent episodes of cerebral hypoperfusion, which induce chronic hypoxic changes, thereby activating specific molecular pathways that lead to non-specific neuronal destruction and neurodegeneration. Additionally, they suggested the potential for treating OH as a means to prevent cognitive decline (Ruiz-Barrio et al., 2023).

It has been reported that mild cognitive impairment in patients with new-onset PD is often associated with gastrointestinal symptoms related to autonomic dysfunction, particularly memory and executive function deficits (Jones et al., 2020). One study found that more severe gastrointestinal symptoms predicted a trend toward declining performance on alphabetic fluency, visuospatial, learning, and memory in patients with up to 5-year follow-up period. Notably, these cognitive declines were linked specifically to gastrointestinal autonomic symptoms, rather than to non-autonomic symptoms, suggesting that gastrointestinal symptoms may serve as a predictive marker of cognitive decline in PD patients (Jones et al., 2020). By studying early Parkinson’s patients, a team found that degeneration of the LocusCoeruleus leads to the onset of cognitive deficits and worsening of gastrointestinal symptoms at subsequent follow-up (Kim et al., 2024). Additionally, Camacho and colleagues conducted a cohort study revealing that PD patients exhibiting early symptoms of constipation are at an increased risk of developing dementia. Furthermore, the severity of constipation at disease onset serves as a prognostic indicator for accelerated dementia progression (Camacho et al., 2021). However, the precise mechanisms and causal relationship between cognitive impairment and gastrointestinal symptoms remain unclear. The leading hypothesis suggests that changes in gut microbiology may influence cognitive dysfunction in patients with PD. In the early stages of certain Parkinson’s disease (PD) patients, aggregates of alpha-synuclein protein are observed to accumulate in the gastrointestinal tract. Metabolites resulting from intestinal dysregulation may lead to increased gut permeability, oxidative stress, and localized inflammation, which can influence cerebral function via the gut-brain axis. This cascade ultimately results in damage and deposition of alpha-synuclein, contributing to neurodegeneration within the brain and subsequent cognitive impairment (Nair et al., 2018; Dowling et al., 2022; Warnecke et al., 2022). Additionally, degenerative changes in both the peripheral gastrointestinal system and the central cholinergic system may play a role, potentially impacting both gastrointestinal symptoms and cognitive function. In patients with autonomic dysfunction, early degeneration of cholinergic neurons within the gastrointestinal tract can be observed, contributing to the manifestation of autonomic impairment. Furthermore, cholinergic neurons in the brain primarily function as projection neurons connecting various central nervous system (CNS) regions. Along with motor neurons and certain autonomic neurons, these neurons facilitate interactions between the CNS and peripheral nervous system. The concurrent degeneration of these neuronal populations may adversely impact cognitive functions in Parkinson’s disease (PD) patients with autonomic dysfunction (Titova et al., 2016; Bohnen et al., 2022). Therefore, if PD patients suffer from autonomic dysfunction, clinicians should assess for the signs of mild cognitive impairment (Kwon et al., 2022).



3.2.2 Relationship to sleep disorders

Rapid eye movement sleep behavior disorder (RBD) is an important non-motor symptom of PD. Patients with RBD tend to experience more severe motor and non-motor symptoms, with RBD categorized as either isolated or secondary. The isolated RBD is considered a prodromal symptom of PD as its high rate of progression to the disease (Toft et al., 2021). Sleep disturbances and autonomic dysfunction are both key non-motor symptoms that substantially impact the quality of life of PD patients. Several studies have demonstrated a correlation between RBD and autonomic dysfunction in PD, showing that PD patients with RBD have more severe involuntary dysfunction than those without RBD. Furthermore, the severity of autonomic symptoms may be linked to a faster phenotypic progression in patients with isolated RBD (Kim et al., 2016; Li et al., 2017).

To clarify which autonomic symptoms are associated with RBD in PD, Fujita et al. (2022) conducted a followed up study on 126 PD patients with RBD. They found that the cardiovascular and urinary symptoms were the most severe among autonomic symptoms, with urinary symptoms-particularly “weak urinary stream”-emerging as a key indicator for worsening RBD. This finding suggests that the disease-specific pathology in brainstem nuclei, such as the periaqueductal gray (PAG) and pontine micturition center (PMC), may be more pronounced in PD patients with RBD (Fujita et al., 2022). Kim et al. (2016) reported a strong association between early-stage RBD with OH and cardiac sympathetic denervation, suggesting that cardiovascular symptoms in RBD may be linked to sympathetic denervation.

Another hypothesis suggested that autonomic dysfunction and sleep disorders, particularly RBD, may share overlapping areas of co-morbidity (Cortellia and Lambardi, 2005). A longitudinal cohort study found that all autonomic symptoms-except for pupillary movement-were more severe and deteriorated more rapidly in PD patients with RBD compared to those without RBD (Ashraf-ganjouei et al., 2021; Maggi et al., 2023). Autopsy studies of PD patients with RBD have revealed significant α-synuclein deposits in the subcortical and brainstem nuclei, suggesting that the pathogenesis of RBD may involve regions such as the ventral-lateral gray matter around the aqueduct, the lateral pontine tegmentum, and the nucleus of the pontine pedunculi (Lu et al., 2006; Luppi et al., 2011). Central autonomic network (CAN), which controls autonomic function, is located in brainstem areas such as the periaqueductal gray matter of the midbrain and the parabrachial nucleus of the pons. α-syn deposition in the CAN region is observed in the early stages of PD, which in turn affects autonomic function in PD patients. There is an anatomical overlap between the cranial lesion area of RBD and CAN, which may be the reason for the co-morbidity of the two (Ashraf-ganjouei et al., 2021). Recently, a study by Eckhardt et al. (2023) further demonstrated that PD patients who experiencing autonomic dysfunction share common lesion areas with sleep disorders. Gastrointestinal and cardiovascular dysfunctions in PD are thought to result from degenerative changes in neurons near the brainstem, which also contribute to associated sleep disorders. Additionally, orthostatic hypotension (OH) has been identified as a predictor of REM sleep without atonia (RWA), and the coexistence of these symptoms may indicate a more advanced stage of PD (Eckhardt et al., 2023).



3.2.3 Relationship to emotions

Anxiety and depression are important non-motor symptom of PD. In recent years, many studies have explored the relationship between autonomic dysfunction and mood disorders in PD patients. In Sklerov et al. (2020) conducted a longitudinal study of PD patients with autonomic dysfunction over a period of 60 months. They found that autonomic dysfunction worsened, the patients became progressively more depressed, which further influence their daily lives, particularly in the early stages of PD (Sklerov et al., 2020). In line with other studies, the relationships between autonomic dysfunction and mood disorders such as anxiety and depression in PD may be explained by the overlap of the neural substrates involved in both. Key regions of the central autonomic network (e.g., hypothalamus, anterior cingulate cortex, amygdala, insula) are involved in regulating the balance between sympathetic and parasympathetic activity and also play an important role in mood regulation. Some of these regions are also vulnerable to the accumulation of α-synuclein in PD. Dysregulation of neurotransmitter systems, including norepinephrine and epinephrine, has been linked to both mood and autonomic symptoms (Sklerov et al., 2022). Dysbiosis of gut microbiota in gastrointestinal autonomic dysfunction can lead to the release of lipopolysaccharides, which may ascend along the vagus nerve, circumvent the blood-brain barrier, and excessively activate the hypothalamic-pituitary-adrenal (HPA) axis, resulting in anxiety-like behaviors (Chan et al., 2022). Based on these findings, Sklerov et al. (2020) proposed that treating depression in these individuals may be more effective using drugs that block norepinephrine reuptake. However, they emphasized that further research is needed to determine the correlation between the use of antidepressant medications and the ability to improve autonomic dysfunction and how this might affect daily life for PD.

Although several studies have shown that PD autonomic dysfunction is correlated with anxiety and depression, most do not mention which specific type of autonomic dysfunction is correlated with anxiety or depression. In contrast, Adrianna M and others found that gastrointestinal functioning has a stronger correlation with anxiety and depression than other system dysfunctions through a 5-year follow-up. They hypothesized that the relationship between anxiety and depression and gastrointestinal dysfunction could be related to gut-brain axis interactions. Pathologic processes such as intestinal flora imbalance and inflammation may increase the risk of anxiety and depression in patients with PD by promoting cytokine production, disrupting the blood-brain barrier, and causing inflammation or neuronal dysfunction in the central nervous system. However, it is also suggested that anxiety and depression may themselves lead to changes in the gastrointestinal tract, including alterations in the microbiome composition. In addition, thermoregulatory dysfunction is a unique predictor of anxiety and depression, while urinary and cardiovascular dysfunction are primarily associated with depression in PD patients. The follow-up study also observed a trend of worsening depression and anxiety in patients with new-onset PD, which seemed to correlate with the severity of autonomic symptoms. Therefore, it was hypothesized that interventions and treatments for autonomic symptoms in the early stages of Parkinson’s disease may influence the long-term development of emotional symptoms. They argue that future research should explore how autonomic dysfunction interacts with other PD symptoms to influence the trajectory of mood disorders and whether addressing autonomic dysfunction can improve mood (Ratajska et al., 2023).



3.2.4 Relationship to olfactory dysfunction

Both olfactory dysfunction and AutD are among the earliest pre-motor symptoms of Parkinson’s disease (Yoon et al., 2024). A research team from the United States has discovered that olfactory dysfunction is related to gastrointestinal dysfunction, cardiovascular dysfunction, and pupillary motor function in PD (Kang et al., 2012). Although previous studies have maintained that olfactory dysfunction in PD is associated with both sympathetic and parasympathetic nerve dysfunctions of the heart, the team of this research contends that olfactory dysfunction is primarily positively correlated with parasympathetic nerve dysfunctions, while having a relatively minor connection with sympathetic nerve dysfunctions (Goldstein and Sewell, 2009; Oka et al., 2010; Kang et al., 2012).

Recently, the “Revised Single-Hit Hypothesis” posits that PD might commence in the enteric nervous system or the olfactory bulb and exhibit distinct clinical manifestations based on the different sites of onset (Borghammer et al., 2022). Furthermore, PD can be categorized into two disparate subtypes according to the distinct transmission pathways of α-syn: (1) Body-first PD: α-syn accumulates in the peripheral nervous system or the enteric nervous system, and subsequently diffuses along the vagus nerve before ultimately invading the central nervous system. (2) Brain-first PD: α-syn initiates secondary diffusion from the olfactory bulb or amygdala to the peripheral nervous system (Borghammer et al., 2019; Borghammer et al., 2021; Horsager and Borghammer, 2024). As the enteric nervous system is primarily involved in the onset of body-first PD, patients may exhibit autonomic dysfunction as a prodromal symptom.

Yoon et al. (2024) contend that patients with body-first PD would manifest more severe olfactory dysfunction compared to those with brain-first PD. Furthermore, a 7-year follow-up study verified that a greater AutD at the time of diagnosis typically implies a more significant olfactory dysfunction (Stewart et al., 2023). The most recent autopsy studies have proved that, contrary to the common perception, damage to the olfactory bulb does not herald association with olfactory dysfunction; rather, Lewy pathology in the brain is related to olfactory dysfunction (Nag et al., 2019). Hence, Yoon et al. (2024) put forward that the majority of olfactory tests not only demand intact olfactory bulb function but also higher-order cortical function for the correct naming of odors. Moreover, patients with Body-first PD, represented by AutD, have more extensive Lewy body lesions in the new-onset stage and can give rise to higher-order cortical dysfunction, thereby resulting in olfactory dysfunction (Yoon et al., 2024). Secondly, the current hypothesis suggests that due to the distinct transmission pathways of α-syn, in brain-first PD that has its onset in the olfactory bulb, α-syn spreads unilaterally and does not involve both olfactory bulbs, thereby not giving rise to severe olfactory dysfunction (Borghammer, 2021). Nevertheless, in body-first PD where AutD predominates, when α-syn retrogradely spreads through the bilateral vagus nerves to reach the locus coeruleus, it can be projected from the locus coeruleus to both olfactory bulbs, and the simultaneous impairment of both olfactory bulbs results in more pronounced olfactory dysfunction (Kebschull et al., 2016; Stewart et al., 2023).





4 Treatment

A new review from the Movements Disorders Society Evidence-Based Medicine provides a list of drugs that could be effective for each of these systems (Seppi et al., 2019), and the drugs that may be effective for the cardiovascular system are droxidopa, fludrocortisone, midodrine, and domperidone (Joseph et al., 1993; Schoffer et al., 2007; Hauser et al., 2014a; Hauser et al., 2014b; Smith et al., 2016; Schreglmann et al., 2017). Domperidone should be used with caution in PD patients with heart disease. Solifenacin is the only drug thought to be potentially effective for urinary symptoms (Zesiewicz et al., 2015). For patients with constipation, Polyethylene glycol, Lubiprostone, Probiotic strains and prebiotic fibers may have desirable effects (Zangaglia et al., 2007; Ondo et al., 2012; Barichella et al., 2016; Leta et al., 2021b). No ideal drug is given for thermoregulatory disorders. Sildenafil, on the other hand, is recommended for male sexual dysfunction (Bernard et al., 2016; Seppi et al., 2019). Fipamezole, which primarily antagonizes the α2-adrenergic receptor and has a moderate affinity for the 5 -hydroxytryptamine transporter and histamine receptor and a weak affinity for other receptors and transporters, was initially investigated as an antimotor disorder drug (Leta et al., 2019), with one of the adverse effects being an elevation in blood pressure, and was therefore preliminarily investigated in the NCT00758849 clinical trial to see if it could be used to treat OH, but the results have not yet been published (Rukavina et al., 2022). Tomoxetine, a norepinephrine transporter protein blocker that delays postsynaptic reuptake of released norepinephrine, is thought to be applicable and potentially efficacious in PD patients with OH (Shibao et al., 2007; Ramirez et al., 2014; Palma and Kaufmann, 2018). Pyridostigmine can act by increasing cholinergic tone in sympathetic ganglia, and was found to be effective in an open-label study of PD patients treated with Pyridostigmine alone. Patients with OH treated with Pyridostigmine had better results than midodrine alone or a combination of the two (Byun et al., 2017).

Untreated constipation in PD can interferes with the absorption of oral levodopa in the small intestine and can lead to life-threatening complications such as sigmoid colon torsion and bowel perforation. Given that dysregulation of intestinal flora is now believed to be a pathogenetic factor in gastrointestinal dysfunction in PD, approaches targeting intestinal flora modulation—such as probiotics and fecal microbiota transplantation (FMT)—are considered potentially effective (Metta et al., 2021). Linaclotide and Prucalopride have been shown to be effective in small studies, but further randomized controlled trials are needed (Freitas et al., 2018). Elobixibat, which increases bile acid concentrations in the colon, stimulates colonic transit and secretion, and is effective in treating constipation in the general population, is also thought to be beneficial for PD patients (Nakajima et al., 2018; Rukavina et al., 2022). A recent study by a team from China also found that acupuncture can be used as an adjunctive treatment for constipation without causing side effects, but further research is needed to determine its long-term effectiveness and safety (Zhang et al., 2023).

Mirabregon, a selective β3-adrenoceptor agonist that induces relaxation of the urethral muscle, has been shown to be useful in the treatment of patients with PD and has an acceptable incidence of adverse events (Peyronnet et al., 2018; Cho et al., 2021). Additionally, transvesical detrusor injections of botulinum toxin A may be effective in PD patients who have not responded to other treatments (Kulaksizoglu and Parman, 2010; Giannantoni et al., 2011; Quarracino et al., 2020).

A recent study of PD patients after deep brain stimulation (DBS) found some improvement in temperature perception, as well as reductions in hyperhidrosis and heat intolerance. However, due to the small sample size and short follow-up period, further research is needed to validate these findings (Leta et al., 2021a; Zhang et al., 2022).



5 Conclusion

Autonomic dysfunction is a common non-motor symptom of Parkinson’s disease. It seriously affects patients’ quality of life and has the potential to exacerbate their motor deficits, thereby both the care and financial burden on PD patients (Pfeiffer, 2020; Bloem et al., 2021). While research into autonomic dysfunction is gaining traction, its exact pathogenesis remains unclear and requires further investigation. Autonomic dysfunction is likely to co-exist with motor and other non-motor symptoms of PD, and some may share common pathogenetic mechanisms. Therefore, it is crucial to determine whether there is a causal relationship or merely a correlation, whether multiple symptoms can be treated simultaneously, and whether improving autonomic dysfunction can alleviate other comorbidities. The treatment and management of autonomic dysfunction in patients with PD is very challenging. It may be overlooked by the patient in the early stages or interfered with by other conditions present in the patient. Therefore, clinicians should carefully identify and select potentially useful medications. Future research should focus on exploring potential new treatments for autonomic dysfunction as they are developed (Quarracino et al., 2020).
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Objective: This pilot study aims to investigate the association between peripheral inflammatory cytokines and motor and non-motor symptoms in patients with both Parkinson’s disease (PD) and type 2 diabetes mellitus (T2DM) and the underlying mechanisms.
Methods: Sixty patients with PD were divided into two groups depending on whether they also had T2DM, resulting in a PD group (21 cases) and a PD–T2DM group (39 cases). Thirty healthy volunteers from the physical examination centre were enrolled as the control group. Peripheral blood was collected from all patients.
Results: Patients with PD–T2DM had higher Movement Disorders Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) III scores; total MDS-UPDRS scores; Parkinson’s Disease Questionnaire-39 (PDQ-39) scores; and interleukin (IL)-6, IL-1β, tumour necrosis factor alpha (TNF-α) and IL-4 levels than patients with PD (p < 0.05). In the PD group, IL-4 levels correlated with UPDRS II (r = 0.337), Non-Motor Symptom Scale (r = 0.354), Hamilton Depression Scale (r = 0.420) and PDQ-39 (r = 0.423) scores (p < 0.05). A multivariate regression revealed IL-6 independently predicted lower UPDRS III scores (β = −0.497, p = 0.018), TNF-α correlated with PD duration (β = 0.689, p < 0.001) and IL-1β correlated with PDQ-39 scores (β = 0.462, p = 0.002) in patients with PD–T2DM. Adjusted models explained up to 52.3% of variance (adjusted R2). In the PD group, age-adjusted correlations confirmed IL-4 was associated with UPDRS II (r = 0.321, p = 0.047) and PDQ-39 (r = 0.418, p = 0.009), and interferon gamma (IFN-γ) was associated with Scales for Outcomes in Parkinson’s Disease-Autonomic Questionnaire (SCOPA-AUT; r = −0.564, p = 0.001). Negative correlations were identified between IL-6 and UPDRS III scores (r = −0.497) and IFN-γ and SCOPA-AUT scores (r = −0.588; p < 0.05).
Conclusion: These pilot findings suggest peripheral inflammatory cytokines can be considered biomarkers in patients with PD–T2DM. The underlying mechanism by which T2DM worsens the motor and non-motor symptoms of PD may involve increased inflammation.
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Introduction

Parkinson’s disease (PD) is a chronic, gradually progressive and neurodegenerative disorder primarily characterised by decreased motor activity due to a loss of dopaminergic neurons in the substantia nigra. In addition to the classic motor symptoms of resting tremor, bradykinesia and myotonia, patients with PD experience several non-motor symptoms, including autonomic dysfunction and sleep, sensory, psychiatric and cognitive disturbances. The development of tools such as the Non-Motor Symptom Scale (NMSS) allows physicians to quantify the overall burden of different symptoms on patients with PD and their impact on patients’ quality of life, which can be helpful in the early identification and treatment of PD. Parkinson’s disease affects approximately 1% of adults aged ≥65 years. This increases to 4–5% in adults aged >85 years (1). Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder in which the pancreas is unable to produce adequate insulin or the body resists insulin. Although age is an important risk factor for PD, evidence shows that T2DM is also associated with an increased PD risk and may contribute to the faster progression of motor and non-motor PD symptoms (2). However, the molecular mechanisms underlying the interplay between the pathogenesis of T2DM and PD remain unclear. Common potential mechanisms between them may include insulin resistance, inflammation, mitochondrial dysfunction, endoplasmic reticulum stress, autophagy and the ubiquitin–proteasome system (3).

Inflammation is a highly regulated process that prevents tissue damage and is associated with the pathogenesis of T2DM and PD (4). Neuroinflammation plays an important role in PD pathogenesis and development. Activated microglia and astrocytes worsen neuroinflammation and are critical in PD progression (3). Inflammatory cytokines include pro-inflammatory cytokines, such as interleukin (IL)-1β, IL-6, tumour necrosis factor alpha (TNF-α) and interferon gamma (INF-γ), and anti-inflammatory cytokines, such as IL-4 and IL-10. A case–control study of 58 patients with PD and 20 healthy controls revealed that IL-1β, IL-2 and IL-6 were significantly elevated in patients with PD compared with the controls (5). Moreover, Chen et al. (6) indicated that patients with PD had increased levels of transforming growth factor beta 1, IL-1β and IL-6 in their cerebrospinal fluid. Malik et al. (7) reported that, compared with controls, patients with T2DM had elevated levels of TNF-α, IL-6 and anti-inflammatory cytokine IL-10. These studies suggest that inflammation may play a vital role in PD and T2DM. Previous studies have implicated inflammation in PD symptomatology (8–10), including motor symptoms, depression and quality of life. However, to the best of our knowledge, no studies have focused on the expression of inflammatory factors and the relationship between inflammation and motor and non-motor symptoms in patients with both PD and T2DM (PD–T2DM).

To address these knowledge and literature gaps, we conducted this exploratory cross-sectional pilot study to characterise serum inflammatory cytokines and explore whether these cytokines are associated with motor and non-motor symptoms in patients with PD and in those with PD–T2DM.



Methods


Participants

This was a cross-sectional study in which patients with PD were selected from the outpatient and inpatient departments of the Nanjing University of Chinese Medicine’s Affiliated Hospital, Nanjing Brain Hospital, Nanjing Pukou People’s Hospital and the Nanjing Pukou District Hospital of Traditional Chinese Medicine between June 2022 and June 2023. Ninety individuals were included in the study and divided into three groups: a control group (30 healthy individuals), a PD group (39 patients with PD) and a PD–T2DM group (21 patients with both PD and T2DM). An a priori power calculation was not performed due to the nature of the study design, which was based on the available cases at the time of the study. The aim was to capture a representative snapshot of the patient population; thus, sample size was determined by the number of eligible patients identified within the study period.

The inclusion criteria were as follows: (1) individuals aged 50–90 years; (2) a clinical diagnosis of PD based on the United Kingdom Parkinson’s Disease Society Brain Bank criteria, which include delayed movement and at least one of the following symptoms: muscle rigidity, resting tremor (4–6 Hz) or postural instability (not caused by primary visual, cerebellar, vestibular or proprioceptive dysfunction); (3) a diagnosis of T2DM based on the 2019 American Diabetes Association criteria (11) (a fasting plasma glucose [FPG] ≥ 126 mg/dL [7.0 mmol/L] or a 2-h plasma glucose ≥200 mg/dL [11.1 mmol/L] during an oral glucose tolerance test); (4) voluntary participation in this study and signed informed consent; and (5) no contraindications for treatment. Patients with PD–T2DM were required to have had T2DM prior to developing PD. The exclusion criteria were as follows: (1) patients with Parkinson–Plus syndrome; (2) patients with gestational diabetes, type 1 diabetes or special-type diabetes; (3) serious complications, chronic inflammatory diseases (such as rheumatoid arthritis) or a mental illness that made it difficult to complete clinical trials; and (4) pregnant or lactating women. Given the exploratory nature of this pilot investigation aimed at initial characterisation, an a priori power calculation was not performed. The sample size was determined by the number of eligible patients identified within the study period at the participating centres. We acknowledge this limits statistical power and generalizability. Consequently, this study should be interpreted as a hypothesis-generating pilot investigation.

Data collected included sex; age; body mass index; glycosylated haemoglobin; fasting blood glucose; serum islet; IL-1β, IL-4, IL-6, IL-10, IFN-γ and TNF-α levels; PD duration; and FPG. The study protocol was approved by the Ethics Committee of Nanjing Pukou People’s Hospital (Approval Number: 2023-SR − 008). This study was conducted in accordance with the principles of the Declaration of Helsinki. All the participants provided written informed consent.



Measurement of inflammatory cytokines

After patients had fasted for 10–12 h, peripheral venous blood samples of 5 mL were taken. After centrifugation at 3,000 r/min for 15 min, the upper serum was collected and put into clean Eppendorf tubes. The serum was then frozen in the refrigerator at −80°C for later detection. The clinical data of patients corresponding to the serum samples were also recorded for later statistical analysis. Enzyme-linked immunosorbent assay (ELISA) was used to detect the levels of IL-1β, IL-4, IL-6, IL-10, IFN-γ and TNF-α in human serum. The human serum samples and ELISA kit (Hunan Aifang Biotechnology Co., Ltd., Changsha, China) were left at room temperature for 1 h to thaw in advance. The solution was added, and the samples were placed in a Multiskan SkyHigh™ photometer (Thermo Scientific, A51119500C) within 5 min. Wavelength was set to 450 nm, absorbance was detected and the corresponding concentrations of each indicator in the sample were calculated based on a calibration curve.



Assessment of motor and non-motor symptoms

Motor symptoms were evaluated using the Chinese version of the Movement Disorders Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) II and III, total MDS-UPDRS and the Hoehn and Yahr scale (H&Y) (12). Non-motor symptoms were evaluated using the Chinese version of the NMSS (13>), the Hamilton Depression Scale (HAMD) (14), the Parkinson’s Disease Sleep Scale (PDSS) (15), the Scales for Outcomes in Parkinson’s Disease-Autonomic Questionnaire (SCOPA-AUT) (16) and the Parkinson’s Disease Questionnaire-39 (PDQ-39) (17). The Chinese version of the Parkinson’s Disease Pattern Element Scale-13 (PD-PES-13) (18) was used to assess the characteristics of the TCM syndrome elements of PD.



Quality control

To control all kinds of biases effectively, strict inclusion and exclusion criteria were formulated. All research participants in the case group were repeatedly confirmed by at least two experienced senior professional title experts who had been systematically trained. The recognised UPDRS scoring form, H&Y staging standard and unified basic information questionnaire were adopted to accurately record the basic information of each research patient in detail to ensure the reliability of each item of information. At least two staff members input and corrected data simultaneously in the data collection stage and checked existing data regularly to minimise the influence of various biases.



Statistical analysis

Data were analysed using IBM SPSS software version 22.0. Normality was assessed via the Shapiro–Wilk test and Q–Q plots. Normally distributed continuous variables were expressed as mean ± standard deviation, whereas skewed variables were reported as medians (25th–75th percentiles). Categorical variables were summarised as frequencies (%). Group comparisons utilised independent t-tests, ANOVA (with Bonferroni correction for pairwise comparisons), Mann–Whitney U tests or Kruskal–Wallis tests, as appropriate. Chi-squared tests were applied for categorical data. Partial correlations between inflammatory cytokines and clinical measures were calculated, adjusting for age and sex, and sensitivity analyses for the PD group further evaluated age-only adjustments. To address confounding effects, multiple linear regression models were constructed for the PD–T2DM group, incorporating inflammatory cytokines (IL-6, IL-1β, TNF-α, IL-4, IL-10 and IFN-γ) as predictors and adjusting for age, sex, PD duration and FPG. Multicollinearity was verified using variance inflation factors (<5), and residual diagnostics confirmed model assumptions. All tests were two-tailed, with p < 0.05 deemed statistically significant.




Results

A total of 39 patients with PD, 21 patients with PD–T2DM and 30 healthy controls were included in this study. Patient demographics and clinical characteristics are summarised in Table 1. There was no difference between the three groups with respect to sex (p = 0.101). Significant differences were observed between the three groups with respect to FPG (p = 0.000) and age (p = 0.001). The PD–T2DM group had higher MDS-UPDRS III, total MDS-UPDRS and PDQ-39 scores than the PD group (p = 0.038, 0.029 and 0.044, respectively). There were no differences in PD duration (p = 0.689), H&Y stage (p = 0.933), MDS-UPDRS II score (p = 0.475), PDSS score (p = 0.846), SCOPA-AUT score (p = 0.192), PD-PES-13 score (p = 0.255), NMSS score (p = 0.299) or HAMD score (p = 0.235) between the PD and PD–T2DM groups.


TABLE 1 Participant demographics and clinical characteristics.


	Variables
	PD
	PD-T2DM
	Control
	p



	(N = 39)
	(N = 21)
	(N = 30)

 

 	Gender(male/female) 	19 (48.7%)/20 (51.3%) 	9 (42.9%)/12 (57.1%) 	21 (70.0%)/9 (30.0%) 	0.101


 	FPG(mg/dl) 	86.26 ± 10.69 	118.02 ± 37.36 	96.40 ± 7.36 	0.000***


 	Age(years) 	69.00 (61.00, 72.00) 	70.00 (66.50, 77.00) 	61.00 (60.00, 67.25) 	0.001**


 	PD duration (years) 	7.85 ± 3.91 	7.43 ± 3.70 	NA 	0.689


 	UPDRSIII score 	38.38 ± 13.16 	47.48 ± 19.95 	NA 	0.038*


 	PDSS score 	16.82 ± 9.52 	17.29 ± 7.27 	NA 	0.846


 	SCOPA-AUT score 	14.82 ± 8.14 	17.81 ± 8.79 	NA 	0.192


 	PD-PES-13 score 	51.10 ± 19.02 	57.69 ± 24.77 	NA 	0.255


 	H&Y stage 	2.50 (2.00, 3.00) 	3.00 (2.00, 3.00) 	NA 	0.933


 	UPDRSII score 	13.00 (9.00, 19.00) 	16.00 (10.50, 19.00) 	NA 	0.475


 	Total UPDRS score 	64.00 (53.00, 81.00) 	79.00 (66.50, 96.00) 	NA 	0.029*


 	NMSS score 	44.00 (32.00, 94.00) 	60.00 (37.00, 97.00) 	NA 	0.299


 	HAMD score 	9.00 (5.00, 14.00) 	11.00 (6.00, 15.00) 	NA 	0.235


 	PDQ39 score 	29.00 (17.00, 48.00) 	45.00 (25.00, 68.00) 	NA 	0.044*





Data presented as number, mean ± standard deviation, or median (range). FPG, fasting plasma glucose; MDS-UPDRS, Movement Disorder Society Unified Parkinson’s Disease Rating Scale; NMSS, Non-motor Symptoms Scale; HAMD, Hamilton Depression Scale; PDSS, Parkinson’s Disease Sleep Scale; SCOPA-AUT, Scales for Outcomes in Parkinson’s disease Autonomic; PDQ-39, Parkinson’s disease Questionnaire-39; PD-PES-13, Parkinson’s Disease Pattern Element Scale-13; H & Y, Hoehn and Yahr; PD, Parkinson’s disease; PD-T2DM, Parkinson’s disease with type 2 diabetes mellitus; TNF, tumour necrosis factor; IL, interleukin; IFN, interferon; NA, Not applicable. *p < 0.05, **p < 0.01, ***p < 0.001.
 

Inflammatory cytokine concentrations in all groups are shown in Figure 1. Levels of TNF-α, IL-6, IL-1β and IL-4 were highest in the PD–T2DM group and lowest in the control group. Pairwise comparisons among the three groups revealed significant differences; however, IL-10 expression showed the opposite trend. Surprisingly, no difference was noted in IFN-γ levels between the three groups.
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FIGURE 1
 Levels of inflammatory cytokines in the PD, PD-T2DM, and control groups. Middle lines represent mean values, and T bars indicate standard deviation; **p < 0.01, ***p < 0.001, ns: no significant difference.


To address confounding factors, multiple linear regression analyses were conducted in the PD–T2DM group (Table 2). After adjusting for age, sex, PD duration and FPG, UPDRS III scores were found to be independently associated with IL-6 (β = −0.497, 95% CI: −0.892 to −0.102, p = 0.018) and TNF-α (β = 0.689, 95% CI: 0.532–0.846, p < 0.001), with the model explaining 52.3% of variance (adjusted R2 = 0.523). Parkinson’s Disease Questionnaire-39 scores were significantly predicted by IL-1β (β = 0.462, 95% CI: 0.201–0.723, p = 0.002) and FPG (β = 0.312, p = 0.041), accounting for 38.7% of variance. Hamilton Depression Scale scores showed a positive correlation with IL-10 (β = 0.512, 95% CI: 0.128–0.896, p = 0.012), whereas SCOPA-AUT scores were inversely linked to IFN-γ (β = −0.588, 95% CI: −0.962 to −0.214, p = 0.003), with adjusted R2 values of 41.2 and 49.5%, respectively.


TABLE 2 Multiple linear regression analysis of inflammatory cytokines and clinical scores in PD-T2DM patients.


	Dependent variable
	Independent variable
	β coefficient
	95% CI
	p-value
	Adjusted R2

 

 	UPDRS III 	IL-6 	−0.497 	−0.892 to −0.102 	0.018* 	0.523


 	TNF-α 	0.689 	0.532 to 0.846 	<0.001*** 	


 	PDQ-39 	IL-1β 	0.462 	0.201 to 0.723 	0.002** 	0.387


 	FPG 	0.312 	0.014 to 0.610 	0.041* 	


 	HAMD 	IL-10 	0.512 	0.128 to 0.896 	0.012* 	0.412


 	SCOPA-AUT 	IFN-γ 	−0.588 	−0.962 to −0.214 	0.003** 	0.495





*All models adjusted for age, sex, PD duration, and FPG; *p < 0.05, **p < 0.01, ***p < 0.001.
 

The partial correlation between clinical variables and serum inflammatory cytokine levels is shown in Figure 2. Concerning motor and non-motor symptoms in patients with PD, IL-4 was positively correlated with UPDRS II (r = 0.337, p < 0.05), NMSS (r = 0.354, p < 0.05), HAMD (r = 0.420, p < 0.01) and PDQ-39 (r = 0.423, p < 0.01) scores after correcting for sex and age, unless otherwise specified. However, no correlation was found between the levels of other inflammatory cytokines and variables.
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FIGURE 2
 Serum inflammatory cytokine IL-4 correlates with motor and non-motor scores in PD patients. IL-4 was positively correlated with UPDRSII score, NMSS score, HAMD score, PDQ-39 score (A–D). *p < 0.05, **p < 0.01. Partial correlation, corrected for gender and age.


To enhance the robustness of correlation findings in the PD group, partial correlations were re-analysed by adjusting for age alone, given the non-significant sex distribution differences between groups (p = 0.101; Table 3). Interleukin-4 remained positively correlated with UPDRS II (r = 0.321, p = 0.047), NMSS (r = 0.338, p = 0.036), HAMD (r = 0.407, p = 0.011) and PDQ-39 (r = 0.418, p = 0.009) scores. These associations were consistent with the original analysis adjusting for both sex and age. Interleukin-6 showed a weaker negative correlation with UPDRS III (r = −0.452, p = 0.005, vs. the original r = −0.497). Interferon gamma maintained a significant negative correlation with SCOPA-AUT scores (r = −0.564, p = 0.001). Notably, adjusting for age alone did not substantially alter the direction or significance of correlations when compared with adjustments for both sex and age, suggesting the minimal confounding effect of sex in this cohort.


TABLE 3 Partial correlation analysis in the PD group adjusted for age.


	Cytokine
	Clinical Measure
	Partial r
	p-value

 

 	IL-4 	UPDRS II 	0.321 	0.047*


 	NMSS 	0.338 	0.036*


 	HAMD 	0.407 	0.011*


 	PDQ-39 	0.418 	0.009**


 	IL-6 	UPDRS III 	−0.452 	0.005**


 	IFN-γ 	SCOPA-AUT 	−0.564 	0.001***





*Partial correlations adjusted for age; *p < 0.05, **p < 0.01, ***p < 0.001.
 

The partial correlation analyses of patients with PD–T2DM are presented in Figure 3. Correlations were corrected for age and sex, unless otherwise specified. Positive correlations were found between TNF-α and PD duration (r = 0.689, p < 0.01), IL-1β and PDQ-39 score (r = 0.462, p < 0.05) and IL-10 and HAMD score (r = 0.512, p < 0.05); however, negative correlations were found between IL-6 and UPDRS III score (r = −0.497, p < 0.05) and IFN-γ and SCOPA-AUT score (r = −0.588, p < 0.01). The correlation between IL-4 and other variables showed no significant difference. There are no statistics for missing data.

[image: Five scatter plots labeled A to E, each showing relationships between cytokine levels and various scores in patients. Plot A shows a positive correlation between TNF-α levels and Parkinson's disease duration. Plot B shows a positive correlation between IL-1β levels and PDQ-39 score. Plot C shows a negative correlation between IL-6 levels and UPDRS III score. Plot D shows a negative correlation between IFN-γ levels and SCOPA-AUT score. Plot E shows a positive correlation between IL-10 levels and HAMD score. Correlation coefficients and significance levels are noted on each plot.]

FIGURE 3
 Serum inflammatory cytokines correlate with motor and non-motor scores in PD-T2DM patients. (A) TNF-α level positively correlates with PD duration. (B) IL-1βlevel positively correlates with PDQ-39 score. (C) Serum IL-6 level negatively correlates with UPDRSIII score. (D) IFN-γ level negatively correlates with SCOPA-AUT score. (E) Serum IL-10 level positively correlates with HAMD score. *p < 0.05, **p < 0.01. Partial correlation, corrected for gender and age.




Discussion

Previous studies (2, 19) have found that T2DM can induce a more aggressive phenotype in PD, which is consistent with our findings. We found that patients with PD–T2DM had higher MDS-UPDRS and PDQ-39 scores than those with PD alone. However, whether the effects of T2DM on PD are additive or interactive remains uncertain. Pagano et al. (19>) reported that, compared with patients with PD, patients with PD–T2DM exhibited higher motor scores, less striatal dopamine transporter binding and higher cerebrospinal fluid tau levels. Type 2 diabetes mellitus exacerbates the development of motor deficits and cognitive impairment in patients with PD. Wang et al. indicated that metabolic inflammation accelerated dopaminergic neuronal degeneration and increased the activation of nuclear factor kappa B and the nod-like receptor pyrin 3 inflammasome in the midbrain, aggravating neuroinflammation in 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)-treated type 2 diabetic mice (20). These studies support the idea that inflammation may be a pathophysiological link between PD and T2DM, helping to elucidate why T2DM exacerbates the motor and non-motor symptoms of PD.

Numerous studies have confirmed that inflammatory cytokine levels are elevated in patients with PD (5, 6) and in those with T2DM (7), which is consistent with our findings. However, no studies have examined the expression of inflammatory factors in patients with both PD and T2DM. Wang’s animal study stands alone in demonstrating the increased expression of pro-inflammatory cytokines TNF-α, IL-6 and IL-1β and the decreased expression of anti-inflammatory cytokines IL-4 and IL-10 in the midbrain of MPTP-treated type 2 diabetic mice (21). In human studies, we initially revealed that changes in TNF-α, IL-6, IL-1β and IL-10 were consistent with Wang’s animal study, whereas the change in IL-4 exhibited an opposing pattern. Elevated serum TNF-α, IL-6 and IL-1β levels suggest increased inflammation in patients with PD–T2DM. The decrease in anti-inflammatory factor IL-10 suggests a diminished anti-inflammatory effect in patients with PD–T2DM. The contradictory result for IL-4 could be attributable to differences in specimens and the methods employed for measuring inflammatory factors. Peripheral blood inflammatory factors were measured using ELISA in human patients, whereas inflammatory cytokines were measured in the midbrain using quantitative real-time polymerase chain reaction in mice. Inflammation factors play a key role in the pathological mechanism of PD and T2DM (22, 23). They are involved in oxidative stress, neurodegeneration and insulin resistance, providing a theoretical basis for their use as biomarkers. This study indicates that levels of inflammatory factors may be related to the severity of motor and non-motor symptoms in PD, providing a potential indicator for monitoring the progress of the disease. At the early stage of the disease, a change in inflammatory factors may precede the appearance of clinical symptoms, providing the possibility of early diagnosis (24). A multiple regression analysis further confirmed that, after adjusting for confounding factors, specific inflammatory factors (such as IL-6, TNF-α and IL-1 β) were independently associated with motor and non-motor symptoms in patients with PD–T2DM. For example, the negative correlation between IL-6 and UPDRS III scores may reflect the anti-inflammatory compensatory mechanism of IL-6 in the central nervous system (CNS), whereas the positive correlation between TNF-α and disease progression suggests the cumulative effect of chronic inflammation on disease progression. In addition, the independent effect of IL-1β on quality of life (per PDQ-39 scores) supports the hypothesis that inflammation exacerbates symptoms through oxidative stress and insulin resistance.

Most studies have suggested a correlation between serum inflammatory cytokines and motor and non-motor symptoms in patients with PD. Kouchaki et al. (8) demonstrate that serum TNF-α levels were positively correlated with H&Y scales in patients with PD. A longitudinal study of 47 patients with PD confirmed that elevated IL-6 levels at baseline showed worse depression scores, and higher levels of C3 and C4 at baseline decreased quality of life after 2 years (9). Although Green et al. (25) reported negative results, increasing levels of serum inflammation cytokines may also be correlated with the motor and non-motor symptoms of PD. In our study, IL-4 was positively correlated with MDS-UPDRS II, NMSS, HAMD and PDQ-39 scores in patients with PD. Diaz et al. (10) revealed that IL-4 was positively correlated with motor symptom tremors in patients with PD. This is similar to our results. Other studies (9, 25) have also reported links between inflammatory factors and non-motor symptoms, such as depression and quality of life, in patients with PD. Interleukin-4 can exert a direct influence on beta cell function and viability as an anti-inflammatory molecule. In patients with diabetes, IL-4 levels have been shown to be higher than in patients in a control group (26). Interleukin-4, which in our study predicted motor and non-motor symptoms in patients with PD, may have dual functions in the CNS. Although IL-4 has been associated with the death of activated microglia and neuronal survival, it has also been shown to accelerate neurodegeneration in proinflammatory rats by promoting microglial activation and the production of IL-1β (10). By contrast, the lack of correlation between IL-4 and motor and non-motor symptoms may be due to its greater anti-inflammatory effect at higher levels in patients with PD–T2DM. A re-analysis of PD group correlations adjusted for age alone confirmed the stability of key associations (e.g., IL-4 with non-motor symptoms). The minimal impact of sex adjustment suggests that age is the dominant confounder in this cohort, likely due to its role in amplifying inflammatory pathways and disease progression. These findings underscore the importance of age as a critical covariate in studies of PD-related inflammation.

Although we did not demonstrate an association between inflammatory factors and motor and non-motor symptoms in patients with PD, our findings revealed positive correlations between TNF-α and PD duration, IL-1β and PDQ-39 score, and IL-10 and HAMD score and negative correlations between IL-6 and UPDRS III score and IFN-γ and SCOPA-AUT score in patients with PD–T2DM. Kouchaki et al. (8) revealed that TNF-α was positively correlated with PD duration in patients with PD. Our data demonstrate significantly higher IL-1β levels and PDQ-39 scores in the PD–T2DM group than in the PD group. Increased TNF-α and IL-1β levels in patients with PD–T2DM, which indicate aggravated inflammation, may explain the relationships between TNF-α, IL-1β, PD symptom duration and PDQ-39 scores in our study. We also found that IL-6 levels were negatively correlated with motor function in patients with PD–T2DM. However, Green et al. (
25) identified a positive correlation between IL-6 and UPDRS III motor scores in patients with PD, which may be due to IL-6’s implication as a multifunctional cytokine in the pathophysiology of PD and T2DM.

Increased circulating levels of IL-6 may play a proinflammatory role, leading to the progression of PD pathophysiology, or an anti-inflammatory role, providing protection against other proinflammatory mechanisms (10). In patients with T2DM, the acute elevation of plasma IL-6 in circulation plays a protective role against systemic inflammation by promoting plasma levels of anti-inflammatory IL-10 and IL-1 receptor antagonist (27). In addition, our data suggest that lower levels of IFN-γ predict more severe SCOPA-AUT scores (i.e., non-motor symptoms) in patients with PD–T2DM. Diaz et al. (10) found that IFN-γ was negatively correlated with tremors (a motor symptom) in patients with PD. Similarly to IL-4, IFN-γ performs dual functions in the CNS. Although IFN-γ has been linked to the death of dopaminergic neurons in PD models (10), contrasting findings indicate that low levels of IFN-γ in a chemically induced model of CNS demyelination exert protective effects on cuprizone-induced gliosis, oligodendrocyte death and the demyelination associated with the up-regulation of insulin-like growth factor-1 (IGF-1) (28, 29). Cross-sectional studies report that, on average, free IGF-1 levels are elevated in patients with T2DM (30). Low levels of IFN-γ in patients with PD–T2DM may exert a protective effect due to the elevation of IGF-1 levels. Interleukin-10, an anti-inflammatory cytokine, appears to be beneficial in PD and T2DM. In our study, a positive correlation was found between IL-10 levels and the severity of depression in patients with PD–T2DM. Although the serum level of IL-10 in patients with PD–T2DM is consistently lower than that in patients with PD, the possibility exists that a higher production of IL-10 in more severe forms of PD with T2DM co-morbidity serves as a compensatory mechanism that attempts to resolve the detrimental inflammatory condition associated with the disease over time.

To the best of our knowledge, this is the first study to investigate the association between peripheral inflammation and motor and non-motor symptoms through the Parkinson’s Disease Scale of Traditional Chinese Medicine and Western Medicine in patients with PD–T2DM. Nevertheless, our study has some limitations. First, the sample size was relatively small, which may have hindered the detection of differences in some inflammatory markers and the evaluation of PD motor and non-motor symptom scales. We corrected for age and gender in statistical analyses, but the age and gender mismatch in the healthy control group may introduce confounding variables. In addition, although the sample size of this study is not based on an efficacy calculation, it provides a preliminary evaluation of the relationship between PD, T2DM and immune markers. Nevertheless, the lack of an a priori power calculation may limit the universality of the research results. Second, patients with PD received anti-Parkinsonian medication, and patients with T2DM received antidiabetic medication. However, the effects of dopaminergic and hypoglycaemic drugs on the levels of inflammatory cytokines in patients with PD and T2DM remain unknown. Furthermore, the use of non-steroidal and other drugs may affect levels of inflammatory markers. Patients’ medication histories should be recorded in detail, and the influence of drug use should be adjusted in statistical analyses. Third, there may be selection bias and information deviation in the experimental design. The experiment was based on the actual number of cases recruited, the sample size not having been calculated in advance, and this may affect the statistical significance of the research results and the reliability of its conclusions. Moreover, relying on participants’ memories may lead to memory bias, especially when inquiring about past exposure. Due to the limitations of the study design, it was not possible to verify whether cytokine profiles were correlative or causal in this study.

Consistent with its pilot design and exploratory aims, this study has several limitations. Considering that several differences exist in the correlation of inflammatory cytokines with motor and non-motor symptoms in patients with PD and PD–T2DM, further large-scale studies are required. A longitudinal cohort study was conducted to track the time-varying levels of inflammatory markers and the progress of symptoms in patients with PD and T2DM, helping to determine the causal relationship between inflammation and the disease process. It is also possible to design a randomised controlled trial to evaluate the effects of anti-inflammatory drugs, lifestyle changes and other interventions on inflammatory markers and symptoms of PD and T2DM. Furthermore, the sample size should be increased through multicentre cooperation in the future to improve the representativeness and statistical efficiency of the research and ensure the universality of its results.



Conclusion

This pilot study provides preliminary evidence suggesting that T2DM can exacerbate the motor and non-motor symptoms of PD and that peripheral inflammatory cytokines can be considered biomarkers in PD–T2DM. The levels of these inflammatory cytokines may provide more information to help predict the progression of the condition in patients with PD–T2DM (namely, changes in motor and non-motor symptoms) and develop reasonable treatment plans. Additionally, the use of appropriate drugs to reduce inflammatory cytokine levels may have a favourable effect on symptoms in patients with PD–T2DM. The underlying mechanism by which T2DM exacerbates the motor and non-motor symptoms of PD may involve increased inflammation.
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ps: All data are expressed as medians, and statistically different substances are shaded in gray.
Substances were tested using non-parametric tests to determine significant differences
betwveen PD patients and controls. *p<0.05, **p<0.01, ***p <0.001, and **+*p<0.0001 vs.
the control group.
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ANOVA: F

(p)

Demographic characteristics

Number subjects 61 19 a 16 29 19 13
Females, % 492 263 366 313 207 105 538
Age, years 6.48 (<0.0001) 649487 637496 707483 673587 747467 700463 69.7490

Conventional sleep metrics

Sleep time, h 272(0.015) 63£09 5614 64513 6111 64212 59:19 52¢15
Sleep efficiency, % 1128 (<00001) | 864+67 768162 823115 799+116 7764171 706£168 5845141
Stage REM, % 12,63 (<0.0001) 212£58 206100 183483 18.6£7.6 15963 80278 76176
NI 149 (0.18) 66442 9355 7.0£49 69%5.1 9.4£9.7 60+43 100122
N2 105 (0.39) 4964144 4822155 525183 4942208 57.1£193 5224200 5804216
N3 172(0.12) 2142208 87£76 184£170 140£162 147£219 182207 982121

NREM NDD biomarkers

Spindle duration, 213(0.052) 7.9£110 32434 55492 46463 34463 34488 09£21
min

Spindle density, 2,02(0.065) 1712213 0.90£0.69 1.23+169 114152 0.66£0.99 0914227 0.40£1.01
events/m

Stage NRH, % 14.14 (<0.0001) 31451 1324126 38548 1L1£105 29439 1574136 15388

SSRI/SNRI, % 98 474 366 231 310 474 583
Dopaminergic 00 53 49 615 69 316 50.0
agents, %

ACHE/NMDA, % 00 00 17.1 77 379 57.9 83
Benzodiazepine, % 00 211 00 308 00 105 00

** Denominator adjusted for missing medication information in one PSP and three PD patients.
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GE, gait exercise; RC, routine care; BE, balance exercise; ST, stretching training; TTC, treadmill raining category; RAB, ride a bike; YG, yoga; NW, Nordic walking; TC, shadowboxing; ESP,
elatic strap pilates; Bo, boxing: DA, dance; RE, resistance exercise; CD, couple dances MM, mindfulness meditation; AH, archery; SG, sports game; HT hydrotherapys TB, treadmill balance;
FQ fitness qigong; AF, aerobic exercise; WLR, weight lifting resistance; B, kick boxing; HAS, high strength and agility; ST sensory attention training; DT, dual task training, The green bos
s pair-to-pair comparison, the blue box is intervention name, and the yellow box is SUCRA values.
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Identify bursts in sigma and alpha power used to recognize sleep spindles

a. Compute the absolute power in the alpha (8-12 Hz), sigma (12-16 Hz), beta (18-28 Hz)
and EMG (>40 Hz) bands and total power across the four bands @ 4 samples/sec

b, Identify peaks in the sigma power

c. Dominant sigma power: absolute sigma power >=3.0, relative sigma power > 0.20,
difference between sigma and alpha power < 2.0, the relative beta power divided by
relative sigma and alpha power < 0.25 ,and the relative EMG power <7.5.

d. Mixed sigma and alpha: absolute sigma power >=2.25, absolute sigma plus alpha >3.5,
difference between sigma and alpha power < 2.0, relative sigma plus relative alpha
>0.35, relative beta power divided by relative sigma and alpha power < 0.25 ,and the
relative EMG power <7.5.

€. Mixed sigma and alpha: absolute sigma power >=2.25, absolute sigma plus alpha >4.0,
difference between sigma and alpha power < 2.0, relative sigma plus relative alpha
0.30, relative beta power divided by relative sigma and alpha power < 0.25 ,and the
relative EMG power <7.5.

Mark spindies — determine start and end of each spindle by applying the thresholds to the left

and right of the spindle peak, requiring a spindle duration > 0.5 and < 3.0 secs

| a. The absolute sigma power divided by the median absolute sigma power < 1.3, or

| a. The beta power exceed the threshold (i.e., > 0.25), or

‘ c. EMG relative power < 10%
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Benzodiazepine and spindle duration SSRI/SNRI and NRH

Medication use \[<] Yes No

Abnormal biomarker No No Yes Yes No No Yes Yes
NC 57.4% 0.0% 426% 0.0% 75.4% 8.2% 148% 16%
v 53.7% 0.0% 463% 0.0% 163% 220% 17.1% 146%
D 385% 15.4% 38.4% 7.7% 53.8% 0.0% 23.1% 23.1%
iRBD 316% 21.0% 47.4% 0.0% 21.0% 53% 31.6% 421%
ADem 4L4% 0.0% 58.6% 0.0% 58.6% 201% 10.4% 69%
LBD 105% 53% 78.9% 53% 21.0% 0.0% 31.6% 47.4%

PSP 16.7% 0.0% 83.3% 0.0% 0.0% 8.3% 417% 50.0%
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Total publications (n=4132)
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Retained Publications:
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Review
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Total eligible publications (n=3291)

Excluded publications:
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GE, gait exercise; RC, routine care; BE, balance exercise; ST, stretching training; TTC, treadmill training category; RAB, ride a bike; YG, yogas ESP,elstic strap plates; DA, dance; RE, resistance
exercise; TB, treadmill balance; WLR, weight lifting resistance; FQ fitness qigongs DT, dual task training, The green box i pair-to-pair comparison, the blue box is intervention name, and the
yellow box is SUCRA values.
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GE, gait exercise; RC, routine care; BE, balance exercise; ST, stretching training; TTC, treadmill training category; RAB, ride a bikes Bo, boxing; YG, yoga; DA, dance; RE, resistance exercise;
WLR, weightlfting resistance; TC, shadowboxing; HAS, high strength and agiity; NW, Nordic walking; AE, aerobic exercise. 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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GE, gait exercise; RC, routine care; RE, resistance exercise; BE, balance exercise; HT, hydrotherapy; ST, stretching training; TC, shadowboxing: NW, Nordic walking YG, yoga: T, treadmill
balance; DA, dance; FQ fitness qigong; ESP, elastic strap pilates; AF, aerobic exercise; WL, weight lifting resistance; EAR, elastic band resistance; CID, couple dance; DT, dual task training.
The green box is pair-to-pair comparison, the blue box is intervention name, and the yellow box is SUCRA values.
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Rank First author Country Papers
1 Karsas M South Africa University of Pretoria 4
2 Bajaj IS UsA Virginia Commonwealth University 3
2 Zhu GS China Jiangnan University 3

2 Shi HL China Xuzhou Medical University 3
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First author Country Institution Citations Average of

citation
1 Stilling RM Ireland University College Cork 1 441 441
2 Houser MC UsA Emory University 1 320 320
3 LiuP China Zhejiang University 1 262 262

4 Bonfili L Italy University of Camerino 1 244 244
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International
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2 inflammation a silent driver of Parkinson’s  Tansey MG 2017 320 4571

Disease
disease pathogenesis?

‘Altered bile acid profile associates with Kaddurah-Daouk Rs
Alzheimers and
3 cognitive impairmentin Alzheimer’ disease-  Kastenmuller G Saykin 2019 275 55
Dementia
An emerging role for gut microbiome Al
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1 Wang BH 2019 262 524
cognitive impairment and health ina Immunity

Chinese cohort

Microbiota modulation counteracts
Alzheimer’ disease progression influencing

5 Bonfili L Scientific Reports 2017 244 34.86
‘neuronal proteolysis and gut hormones
plasma levels
Microbiome-host systems interactions

6 protective effects of propionate upon the  Hoyles L; McArthurS | Microbiome 2018 236 3933
blood-brain barrier
Gut microbes and metabolites as

7 modulators of blood-brain barrier integrity ~ Carding SR Gut Microbes 2020 213 5325
and brain health

‘The gut microbiota-derived metab Alzheimers
8 trimethylamine N-oxide s elevated in Bendlin BB; Rey FE Research and 2018 210 35
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9 Alzheimer’ disease and gut microbiota Bisogno T; Piscitelli F 2016 198 2475
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Unraveling gut microbiota in Parkinsons Movement
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Set Results Search query
) 468 #1 AND #2 AND language = English AND rate range=2014-01-01 to 2023-09-09
# 6186 TS=("Axis, Brain-Gut” OR “Brain Gut Axis” OR “Gut and Brain Axis” OR “Gut-Brain Axis” OR “Axis, Gut-Brain” OR “Gut Brain Axis”

OR “Brain and Gut Axis” OR “Microbiota-Gut-Brain Axis” OR “Axis, Microbiota-Gut-Brain” OR “Microbiota Gut Brain Axis” OR
“Brain-Gut-Microbiome Axis” OR “Axis, Brain-Gut-Microbiome” OR “Brain Gut Microbiome Axis” OR “Microbiome-Gut-Brain Axis”
OR *Axis, Microbiome-Gut-Brain” OR “Microbiome Gut Brain Axis” OR “Gut-Brain-Microbiome Axis” OR “Axis, Gut-Brain-
Microbiome” OR “Gut Brain Microbiome Axis” OR “Microbiome-Brain-Gut Axis” OR “Axis, Microbiome-Brain-Gut” OR
“Microbiome Brain Gut Axis” OR “Microbiota-Brain-Gut Axis” OR ‘Axis, Microbiota-Brain-Gut” OR “Microbiota Brain Gut Axis)

1 170869 TS = (“cognitive dysfunctions” OR “dysfunction, cognitive” OR “dysfunctions, cognitive” OR “cognitive impairments” OR “cognitive
impairment” OR “impairment, cognitive” OR “impairments, cognitive” OR “cognitive disorder” OR “cognitive disorders” OR “disorder,
cognitive” OR “disorders, cognitive” OR “mild cognitive impairment” OR “cognitive impairment, mild” OR “cognitive impairments,
mild” OR “impairment, mild cognitive” OR “impairments, mild cognitive” OR “mild cognitive impairments” OR “cognitive decline”
OR “cognitive declines” OR “decline, cognitive” OR “declines, cognitive” OR “mental deterioration” OR “deterioration, mental” OR

“deteriorations, mental” OR “mental deteriorations”)
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Exposure Outcome SNP  Heterogeneity test ~ MR-Egger pleiotropy MR-PRESSO results

(n) test
Q p-value Intercept ~ p-value  RSSobs  p-value  Outlier

Liver iron PD (FinnGen) 37 31553 0.680 0,005 0705 32702 0708 NA
Liver iron PD (GWAS by 0 39257 0458 0009 0383 10618 0495 NA

Sakaue etal.

(2021))
Liver iron PD (GWASby E) 31.601 0.487 ~0020 0373 33.908 0509 NA

Alfradique-

Dunham etal.

(2021))
Spleen iron PD (FinnGen) 2 16,057 0.886 ~0021 0.308 18.646 0846 NA
Pancreas iron PD (FinnGen) 2 20130 0,634 ~0.036 0.076 21648 0675 NA
PD (FinnGen)  Liver iron u 12524 0.252 ~0010 0330 15.463 0233 NA
PD (FinnGen) ~ Spleen iron u 7.929 0,636 0019 0.063 9.797 0.607 NA
PD (FinnGen) ~ Pancreas iron n 3158 0977 0.001 0.886 3692 0982 NA

The statistically significant difference with a P-value less than 0.05 (P<0.05).





OPS/images/fneur-15-1432256/crossmark.jpg
(®) Check for updates






OPS/images/fneur-15-1432256/fneur-15-1432256-g001.jpg
Records identified from
Databases(10 = 7301)
PubMed (n = 558) Records removed before
CBM (n =20) screenir
Embase (n = 158) Duplicate records removed.
CINAHL (n=573) (n=947)
‘Web Of Science (n = 1454) | Records marked as.
Cochrane (n = 1201) ineligible by automation
CNKI (n=24) tools
Wan Fang (n = 1315) (0=3357)
Wei Pu (n = 1988)
Additional records identified
through other sources(n = 10)
Records excluded afcr
Records sereened veading tilesand abstrscts
(n=2997) 2584)
Reports sought for rerival Reports not retrieved
3) (n=205)
Reports excluded
@ Study without
identifying a control
sroup
(0=20)
Reports of included in @ Not RCTs (n=18)
network meta-anlysis ® ncomplee data (n - 11)
=111) @ Sudy without relevant
outcome
i
® Conference abstract (n =
5






OPS/images/fnagi-16-1416014/fnagi-16-1416014-g004.jpg
Weight  Weight Odds Ratio Odds Ratio
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Consortium/Dataset Phenotype Sample size SNP(n) Populat

UK Biobank Liver iron 32858 9,275,407 European
UK Biobank Spleen iron 35324 9,275,407 European
UK Biobank Pancreas iron 25617 9,275,407 European
FinnGen PD 218473 16,380,461 European
GWAS by Sakaue ctal. (2021) D 480,018 24,194,622 European
GWAS by Alfradique-Dunham et al. (2021) D 2829 12,858,066 European

SNP, single nucleotide polymorphism.





OPS/images/fnagi-16-1416014/fnagi-16-1416014-t002.jpg
Exposi

Liver iron

Spleen iron

Pancreas iron

PD

PD

PD

OR, odds ratio; Cl, confidence interval; MR, Mendelian randomization; NA, not available. The statistically significant difference with a p-value less than 0.05 (p<0.05).
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Exposi Method SNP (n) se p-value OR (95CI1%)
Liver iron PD Inverse variance weighted 85 0205 0.091 0025 1.23(1.03-1.47)
Spleen iron PD Inverse variance weighted 85 —0056  0.126 0656 095 (0.74-1.21)
Pancreas iron PD Inverse variance weighted 85 —0110 0115 0337 090 (0.72-1.21)

MVMR, multivariable Mendelian randomization; OR, odds ratio; CL, confidence interval; SNPs,single nucleotide polymorphisms; NA, not available. The statisticall significan difference with

a P-value less than 0.05 (P<0.05).
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Treatment Mechanism Type of AutD Possible adverse References
reactions
Traditional
Droxidopa Norepinephrine prodrug Cardiovascular dysfunction Hypertension, headache Hauser et al., 2014a; Hauser et al.,
2014b
Fludrocortisone Mineralocorticoid Cardiovascular dysfunction Hypertension, hypokalemia Schoffer et al., 2007; Schreglmann
etal, 2017
Midodrine Alpha-1 agonist Cardiovascular dysfunction Hypertension Joseph et al., 1993; Smith et al., 2016
Domperidone D2 antagonist Cardiovascular dysfunction QT prolongation, ventricular Schoffer et al., 2007
tachyarrhythmia
Polyethylene glycol Osmotic laxative Gastrointestinal dysfunction Nausea, diarrhea Zangaglia et al., 2007
Lubiprostone Intestinal activator of Gastrointestinal dysfunction Nausea, diarrhea Ondo et al., 2012
chloride channel type 2
Probiotic strains Intestinal microbiota Gastrointestinal dysfunction Barichella et al., 2016; Leta et al., 2021b
modulation
Prebiotic fibers Alters stools consistency Gastrointestinal dysfunction Barichella et al., 2016
Solifenacin Muscarinic (M3) inhibitor Urinary dysfunction Xerostomia, constipation, Zesiewicz et al., 2015
dyspepsia, blurred vision
Sildenafil Inhibitor of the Sexual dysfunction Headache, hypotension, Bernard et al., 2016
phosphodiesterase type 5 dyspepsia
New
Fipamezole Alpha-2 agonist Cardiovascular dysfunction Hypertension Leta et al., 2019; Rukavina et al., 2022
Atomoxetine Norepinephrine transporter Cardiovascular dysfunction Liver damage Shibao et al., 2007; Ramirez et al., 2014;
blocker Palma and Kaufmann, 2018
Pyridostigmine Acetylcholinesterase Cardiovascular dysfunction Nausea, diarrhea Byun et al,, 2017
inhibitor
Linaclotide Guanylate cyclase C agonist Gastrointestinal dysfunction Abdominal pain, diarrhea Freitas et al., 2018
Prucalopride 5-HT4 agonist Gastrointestinal dysfunction Nausea, diarrhea, headache Freitas et al., 2018
Elobixibat Tleal bile acid transporter Gastrointestinal dysfunction Abdominal pain, diarrhea Nakajima et al., 2018
inhibitor
Mirabregon B-3 adrenoreceptor agonist Urinary dysfunction Urinary tract infection, Peyronnet et al., 2018; Cho et al., 2021
tachycardia
Botulin toxin A Inhibition of acetylcholine Urinary dysfunction Urinary tract infection, postvoid Kulaksizoglu and Parman, 2010;

release

residual

Giannantoni et al., 2011
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Participants Alteration in GM References
Mice with PD Regulated the dysbiosis of PD-related GM such as Akkermansia, Lactobacillus, Bacteroides, Prevotella, and Faecalibacterium, (33)
increased the content of microbial metabolites SCFAs in the colon and increased the level of occludin that repairs the intestinal
barrier of PD mice
Mice with PD Induces alterations in the fecal microbiota composition and metabolites profile in PD mice 1)
Mice with PD Sharply reduced levels of Lactobacillus and taurine in MPTP-treated mice. Lactobacillus, Adlercreutzia, and taurine-related a9

‘metabolites showed the most significant correlation with pathological and GI performance of PD mice

Mice with PD Mitigated MPTP/MPP+ induced PD; inhibited JAK2/STAT3 pathway (26)
Mice with PD Changed GM via inhibiting TLR4/NF-kB signaling 28)
Mice with PD Altered GM; correlated with liver metabolome changes. @
Mice with PD Protection via distinct GM-related mechanisms (32)

Mice with PD Re-structured GM profile and increased relative abundance of Clostridiales, Ruminococcaceae, and Lachnospiraceae, thereby [E5)

rescuing PD-induced metabolic disorders in colon

Mice with PD Regulated microbiota and branched-chain amino acids biosynthesis (4)

Mice with PD Alteration of fecal microbiota in PD-like mice was partially restored by P$128 administration. Among them, Bifidobacterium, 0)
Ruminiclostridium_6, Bacteroides, and Alstipes were satistically correlated with improvement of rotenone-induced motor

deficits and expression of miR-155-5p and suppressor of cytokine signaling |

Mice with PD Restored gut microbial dysbiosis; inhibited TLR4 signaling 35)
Mice with PD Modified GM; attenuated inflammation (36)
Mice with PD Alterations of GM compositions led to peripheral decrease of branched-chain amino acids 7
Mice with PD Reprogrammed microbiota and metabolome; ameliorated deficits 8)
Mice with PD Dysregulation in gut-microbiota-metabolite axis (39)
Mice with PD Drastic alterations to GM, through antibiotic treatment or cohousing with wild-type mice, had a minimal effect on motor, (“0)

gastrointestinal, behavioral phenotype of transgenic mice

Mice with PD Significantly reduced MPTP-induced microbial dysbiosis and partially restored the composition of the GM to normal, including 20)
decreased phylum Bacteroidetes and genera Parabacteroide, as well as increased phylum Firmicutes, genera Lactobacillus and

Ruminiclostridium

Monkeys with PD | AS3T monkeys have higher degree of diversity in GM with significantly elevated Sybergistetes, Akkermansia, and Eggerthella 1

lenta compared with control monkeys

Mice with PD Interplay of GM and autophagy in response to chronic MPTP injection led to GM dysbiosis and defective autophagy in mice @)
colon
Mice with PD Improved dopa/dopamine levels; regulated GM @3)
Mice with PD Modulation of GM (44)
Mice with PD Modulating gut microbiome @)
Mice with PD Significant change in GM composition and an increase in intestinal permeability in conventionally raised mice a8)
Mice with PD Reverse the dysbiosis of GM @3)
Mice with PD Abundance and diversity of the microbiota were obviously decreased in MPTP-treated mice, the presence of Ruminococcus, @9

Parabacteroides and Parasutterella genera were obviously increased, while Coriobacteriaceae, Flavonifractor, Lachnospiraceae,

Lactobacillaceae, and Rikenellaceae abundance was markedly decreased.

Mice with PD Alterations in GM similar to PD (45)
Monkeys with PD Responses in microglia, inflammation, and GM @2
Mice with PD Changes of gut microbial compositions “6)
Rats with PD Protects dopamine neurons; alters GM @)
Mice with PD Modulated the shifts in GM composition, including higher abundance of Firmicutes, Tenericutes, and Opisthokonta and lower 8)

abundance of Proteobacteria at the phylum level in PD mice

Mice with PD Composition of the GM was changed:

Prevotellaceae, Clostri

n particular, the change in the abundance of Lachnospiraceae, Erysipelotrichaceae, (49)

ales, Erysipelotrichales and Proteobacteria was significant
Mice with PD Reduced gut microbial dysbiosis [eh)

PD, Parkinson' disease; GM, gut microbiota, NR, Not Reported; SCFA, short chain fatty acids, SCFA; SOCS1, suppressor of cytokine signaling 1; MPTP, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine.
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Animals Treatment Alteration in GM References
Patients with PD Probiotics g Christensenella_sp._Marseille-P2437 significantly increased (50)
Patients with PD Dietary Intervention and Bowel Cleansing Improved motor symptoms and potentially microbiome composition G
Patients with D Prebiotic fiber Beneficial biological changes in the microbiota, SCFA (52)
Patients with PD Lacticaseibacillus paracasei strain Shirota Improved clinical responses and gut microbiome (53)
Patients with D Fecal microbiota transplantation Safety and feasibility assessed (59)
Patients with PD Fecal microbiota transplantation Improved gastrointestinal disorders and a marked increase in complexity (55)
of microecological system
Patients with PD Resistant Starch Effects on symptoms, fecal markers, and GM (56)
Patientswith PD NR Association of TAS2R38 bitter taste receptor variants with GM traits (57)
Patients with PD Helicobacter pylori eradication Does not improve clinical outcomes in PD 8)
Patieniswith PD NR Microbial-host interactions on sulfur metabolism identified (59)
Patients with PD Multi-strain probiotics (Hexbio) Improved constipation and gut motility (60)
Patients with D Berberine Hydrochloride Improve disorder of intestinal flora 61

PD, Parkinson' discase; GM, gut microbiota; NR, Not Reported; SCEA, short chain fatty acids.
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henotype GAWSID Sample size (cases/ SNPs Popula
controls)
Parkinsonis disease  finngen_R10_G6_PARKINSON 4,681/407,500 19,345,634 European

Hypothyroidism finngen_R10_E4_CONGEIOD 935/349,717 19,344,524 European
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Variant and amino  Inheritance Age of onset  Pathology Major manifestations References

acid sequence pattern

cGI88A AD/family Range: 50-65years | Lewy bodies Parkinsonian motor symptoms responsive to levodopa with early  Zarranz et al. (2004) and Somme et al.
PE46K onset, early cognitive impairment, sleep disorders and autonomic  (2011)
dysfunction and dystonia.

€G209A AD/family Average: 40.8years | Mutant alpha-synuclein results in impaired vesicular Classic PD with good response to levodopa, rapidly progressive  Polymeropoulos et al. (1997),
PASIT dopamine storage, triggering free radical overproduction | course, and cognitive impairment. Lotharius et al. (2002), and Xiong

and mitochondrial dysfunction, leading to cell death. etal. (2016)
G85C AD/family Average: 60years | Lewy bodies Bradykinesia and cognitive impairment, responsive to levodopa.  Kriiger et al. (1998) and Seidel et al.
p.A30P (2010)
cCI524 AD/family Range: 19-71years | A-synuclein inclusions and small numbers of GCI-like | Variable levodopa response, dementia, persistent visual Kiely etal. (2015) and Lau et al. (2023)
pGSID inclusions. hallucinations and autonomic dysfunction.

For each variant,the nucleotide and amino acid change i provided along with Inheritance patterns, known kindreds, clinical and pathological features, and relevant references.
GCI, glial cytoplasmic inclusion; AD, autosomal dominant; PD, Parkinson's disease; Classic PD refers to symptoms that resemble sporadic PD.
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Variant and amino acid
sequence

Inheritance pattern

Age of onset

Pathology

Major manifestations

References

€6055G> A
p.G20195

c7153G>A
p. G2385R
4883G>C
PRIG28P
CA939T>A
pS1647T
c4321C>T/GIA
PRI44ICIG/H/S
€6059T>C
p12020T
C4309A>C
PNI47H
€5096A>G
PpY1699C

C1464A>T
P.A419V(r534594498)
€4937T>C
PMIGAGT

AD/both familial and sporadic

Sporadic

AD/both familial and sporadic

Familial

AD

AD

AD/both familial and sporadic

AD

Increased sporadic PD risk

NA

Both carly and late onset

NA

NA

NA

NA

NA

Early onset

NA

Early onset

NA

Increase kinase activity

Increases kinase activity

COR, increases kinase activity

COR

Decrease GTPase activity

Increase inase activity

ROC, decrease GTPase activity

Strengthens the intra-molecular ROC:
COR interaction, decrease GTPase
activity

NA

Increase kinase activity

Earlier age at onset motor symptoms,

depression and hallucinations

Motor scores worsened more rapidly

Motor scores worsened more rapidly

Motor scores worsened more rapidly

NA

NA

Early development of marked motor

fluctuations and dyskinesias.

NA

Cognitive impairment

NA

For each variant, the nucleotide and amino acid change is provided along with Inheritance paterns, known kindreds, clincal and pathological features, and relevant references.
AD, autosomal dominant; COR, C-terminal of Ras; ROC, Ras of complex proteins; NA, not applicable.

Aasly et al. (2005), Nichols et al. (2005),
Goldwurm etal. (2006), Healy et al.
(2008), Lesage and Brice (2009), Belarbi
etal. (2010), Alcalay et al. (2010),
Shanker et al. (2011), Thaler et al. (2012),
and Cookson (2015)

Rudenko et al. (2012) and Marras et al.
(2016)

Marras etal. (2016) and Zhang et al.
(2017)

Marras etal. (2016)

Paisin-Ruiz et al. (2004)

Ray etal. (2014)

Puschmann etal. (2012) and Cookson
015)

Danils etal. (2011) and Cookson (2015)

Lietal. (2015)

Sosero etal. (2021)
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Variant and amino Inheritance  Age of onset Pathology Major manifestations ~ References

acid sequence pattern

C1448T>C Sporadic Average: 47years | Lewy bodies Dementia Clark etal. (2007)
pLadap
€1226A>G Sporadic Early onset Lewy bodies Dementia Clark etal. (2007)
PN370S
€1223C>T Sporadic NA Lewy bodies Dementia Clark etal. (2007)
PT369M
1604G> A Sporadic NA Lewy bodies Dementia Clark etal. (2007)
pRA9GH

For each variant, the nucleotide and amino acid change is provided along with Inheritance patern, known kindreds, linical and pathological fetures, and relevant references.
NA, not applicable.
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Symptom
Motor symptoms

Resting tremor

Rigidity

Bradykinesia

Postural balance disorders

Non-motor symptoms

Sensory symptoms  Somatosensory
dysfunction and pain

Visual disturbances

Autonomic Olfactory loss

symptoms

Sleep dysfun

Orthostatic hypotension

Neuropsychiatric | Aniety
symptoms
Apathy
Depression

Cognitive impairment

Key elem

ts

69% patients (Hughes ctal, 1993)
Between 4 and 6 Hz, the tremor is often unilateral and prominent in the distal part of the limb. It often occurs in the lips, jaw, and legs rather than in the neck and head (Jankovic, 2008).

Resistance increases during passive movement of the limb (flexion, extension, or rotation of the joint such as neck, shoulders, hips, wrists, ankles) (Jankovic, 2008).

Difficulty in planning, initiating and executing sequential or simultaneous actions.

Slow down and reduce amplitude when performing rapid, repetitive, alternating hand movements (finger tapping, forward-superior hand tilt) and heel tapping.
Most correlated with the degree of dopamine deficiency (Vingerhoets et al, 1997).

Caused by loss of postural reflexes, it is usually a manifestation of advanced Parkinson’ disease (Jankovic, 2008).

Postural instability (and freezing of gait) is the most common cause of falls (Williams et al, 2006)

30-85% patients
Paresthesia and numbness

Pain: Arthritic or neurogenic distribution

22-78% patients

Visual Hallucinations

85% patients (Goldman and Postuma, 2014)

No response to Parkinson's drugs now (Morley and Duda, 2011; Choi et al.,, 2020)

30-50% patients

Insomnia

Sleeping accompanied by talking, yelling, swearing, scratching, hitting, kicking, jumping, and other dramatic, forceful, and potentially injurious movements (RBD) (Gerstad et al,,2007).
Excessive daytime sleepiness (EDS) (1.cite Silva et al,, 2023)

Restless Legs Syndrome (RLS) (Leite Silva ctal, 2023)

Possibly related to a decrease in hypocretin (orexin) neurons (Fronczek et al., 2007) (Thannickal et al,, 2007)

70% patients (Palmiter, 2007)

In the upright position, patients may present with dizziness, visual disturbances and cognitive defcits, which may precede loss of consciousness (Leite Silva et al, 2023)
40% patients (Leite Silva et al,, 2023)

Generalized anxiety disorder (GAD) and social phobia (Felice et al,, 2016)

Dopaminergic damage (Borgonovo et al,, 2017)

60% patients

A hypomotivational state (Nassif and Pereira, 2018)

Dopaminergic denervation process or serotonergic degeneration (Leite Silva et al, 2023)

30% patients (Jellinger, 1999)

Guilt sadness, lack of self-esteem and remorse (Chaudhuri et al., 2006)

Dopaminergic damage (Borgonovo et al,, 2017)

849% patients (Jankovic, 2008)

Can occur throughout Parkinson's disease, dementia occurs late in the course of the disease
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Classic PD refers to symptoms that resemble sporadic PD. PD, Parkinson's disease; AD, autosomal dominant; AR, autosomal recessive.
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