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Background: Parkinson’s disease (PD) is clinically heterogeneous, and the presence of rapid eye movement sleep behavior disorder 
(RBD) defines a distinct and aggressive subtype. There is an urgent need for molecular biomarkers to understand and identify these 
subtypes. Neuron-derived extracellular vesicles (nEVs) provide a window into brain pathology.
Methods: In this pilot study, we isolated plasma nEVs via L1CAM immunocapture from 28 subjects (PD-RBD, PD-noRBD, and 
controls). Proteomic analysis was performed using data-independent acquisition mass spectrometry (DIA-MS).
Results: We quantified 1354 proteins. Comparative analysis revealed 239 differentially expressed proteins (DEPs) between PD-RBD 
and PD-noRBD. PD-RBD patients exhibited significantly higher levels of α-synuclein (SNCA) and showed pronounced enrichment in 
extracellular matrix remodeling (eg, NRGN, ELAV3) pathways. In contrast, PD-noRBD was characterized by dysregulated lipid 
metabolism (eg, APOE, CETP) and systemic inflammation. Specific DEPs correlated with motor severity, autonomic dysfunction, and 
brain iron deposition.
Conclusion: This pilot study reveals distinct proteomic profiles between the plasma nEVs of PD-RBD and PD-noRBD, suggesting 
divergent pathophysiological processes involving structural/extracellular matrix remodeling versus systemic metabolic-inflammatory 
pathways. These findings provide a prioritized panel of candidate nEV biomarkers for subtype-specific stratification in PD, which 
warrant further large-scale clinical and functional validation.
Keywords: Parkinson’s disease, rapid eye movement sleep behavior disorder, RBD, neuron-derived extracellular vesicle, L1CAM, 
proteomics

Introduction
Parkinson’s disease (PD) is the second common neurodegenerative disorder affecting approximately 13 million indivi
duals worldwide and has emerged as one of the fastest-progressing neurological diseases, posing a substantial and 
growing public health burden.1–6 Over the years, our measurements against PD have made substantial progress; however, 
our treatments against which are still stranded on symptomatic level.7–10 While symptomatic treatments for motor 
symptoms offer clinical relief, preventing disease progression remains an unmet challenge due to the elusive etiology of 
PD and the ongoing lack of objective measures for early diagnosis and clinical stratification.
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Notably, PD is a highly heterogeneous disease, characterized by distinct clinical manifestation, especially non-motor 
symptoms.11,12 Many of non-motor symptoms appear years before the onset of motor manifestations.13–15 Among these, 
rapid eye movement sleep behavior disorder (RBD) is considered a predominant prodromal feature of PD and is 
sometimes regarded as a “preclinical” subtype.16,17 While 46% to 77% of RBD patients eventually transition to PD, 
up to 54% of confirmed PD patients never manifest RBD.18–22 Clinically and biologically, the PD-RBD subtype often 
demonstrates an accelerated disease course, more pervasive cognitive decline and distinct peripheral symptoms compared 
to the PD-noRBD subtype.22–25 This clinical divergence is associated to the “body-first” hypothesis, which posits that 
RBD originates from peripheral α-Synuclein seeding events, then ascend via autonomic pathways to the brainstem, 
contrasting with the “brain-first” origin of non-RBD cases.26 We speculate that investigating this prodromal feature at the 
molecular level may contribute to elucidating PD pathogenesis, on the other hand, discovering a group of biomarker 
candidates that distinguishes the two may provide potential diagnostic tools. Although several body fluid biomarkers 
related to PD and RBD history have been proposed, these candidates are largely deduced from canonical hypotheses 
rather than being grounded in an unbiased, comprehensive proteomic landscape.27,28

To depict dynamic molecular features during the course of PD, it is essential to obtain molecular materials from the 
affected neurons. Given the complete inaccessibility of living brain tissue from patients, extracellular vesicles (EVs) have 
emerged as a powerful, non-invasive “liquid biopsy” source for neurodegenerative diseases.29–31 EVs actively travel 
cross the blood–brain barrier (BBB) while carrying disease-relevant cargo, which endowed them considerable potential 
in early diagnosis and molecular classification of diseases such as PD and Alzheimer’s disease (AD).32,33 Previous 
studies have demonstrated that the protein profiles of circulating EVs closely correlate with PD severity, staging, and 
specific clinical manifestations.28,34–36 However, how the RBD subtype influences the proteomic profile in these EVs 
remains a critical, unaddressed challenge.37,38 Thus, analyzing neuron-derived EV samples (nEVs) from PD patients with 
or without a history of RBD using omics technologies would be of great importance for advancing our pathophysiolo
gical understanding and biomarker discovery.19

Graphical Abstract

https://doi.org/10.2147/IJN.S616053                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 2

Zhou et al                                                                                                                                                                           

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



These nEVs can be immuno-enriched from peripheral blood using the neuronal markers on the vesicle surface.39,40 

Among the markers, neuronal cell adhesion molecule L1 (L1CAM, CD171) is the most widely recognized. In studies of 
PD, L1CAM-enriched EV are believed to carry disease-relevant proteins such as α-synuclein.31,34,41 We thus adopt this 
method to identify subtype-relevant molecular features in PD populations.

Given unresolved mechanistic questions, we propose an innovative hypothesis: L1CAM positive EVs from PD 
patients may carry subtype-specific protein signatures that reflect pathological progression. In this study, we collected 
peripheral blood samples from three groups: healthy controls (HC), PD patients with RBD history (PD-RBD), and PD 
patients without RBD history (PD-noRBD). nEVs were isolated using L1CAM-based immunoprecipitation. Quantitative 
proteomic analysis was performed using mass spectrometry to identify differentially expressed proteins (DEPs) among 
the three groups. Functional enrichment analyses and correlation analysis were then conducted to explore the potential 
molecular mechanisms underlying PD subtypes and to identify candidate biomarkers for early diagnosis or disease 
stratification.

Materials and Methods
Study Design
Eleven PD patients without a RBD history, and nine PD patients with a confirmed history of RBD were recruited, along 
with eight gender- and age-matched controls from Fuzhou University Affiliated Provincial Hospital, China. PD diagnosis 
was made according to the Movement Disorder Society (MDS) Clinical Diagnostic Criteria (2015), and PD-RBD 
patients were evaluated by the gold-standard method of video polysomnography (vPSG). The experiments were carried 
out with the written consent of the patients, in accordance with the hospital’s guidelines. The study protocol was 
approved by the Fuzhou University Affiliated Provincial Hospital (No. 2024–079-01). Demography characteristics were 
presented in supplementary materials Table S1.

Plasma Samples Collection
The overall experimental design is illustrated in the Graphical abstract. Five milliliters of morning fasting venous blood 
was collected in an ethylenediaminetetraacetic acid (EDTA)-coated anticoagulation tube, and centrifuged at 3000× g at 
4°C for 10 min. The supernatants (plasma) were collected, then separated into 1.5 mL centrifuge tubes and immediately 
stored at −80 °C until EV isolation analysis.

To eliminate interference from excessive lipid particles, all plasma samples underwent rigorous visual inspection, and 
those exhibiting apparent turbidity were excluded, only clear, transparent plasma samples were utilized.

Plasma L1CAM+ EV Isolation
L1CAM+ EV isolation was performed by previously reported immunocapture method.42 In short, mouse anti-human 
CD171 (L1CAM) antibody (Clone 5G3; eBioscience, San Diego, CA) were conjugated onto the magnetic beads (70109– 
5, BeaverBeadsTM Mag COOH), to prepare immunomagnetic beads.

To isolate EVs from plasma, a three-step sequential centrifugation protocol was performed (300 × g for 10 min; 2000 
× g for 20 min; 10,000 × g for 30 min) to remove cellular debris, protein aggregates chunks, and lipid particles. The 
resulting supernatant (pre-cleared plasma) was transferred to protein low-binding tubes (Eppendorf, Cat# 0030108450) 
for subsequent isolation of L1CAM+ EV. 360 μL of pre-cleared plasma was incubated with 1 mg prepared immuno
magnetic beads overnight at 4°C to allow the EVs to bind with the beads. After incubation, implement magnetic 
separation to remove supernatant. After supernatant removal, the bead-bound complex (pellet) was aliquoted, the 
majority (90%) was then subjected to proteomics analysis, the left 10% was then used for EV characterization analysis.

To ensure binding specificity, parallel negative control experiments were routinely performed using an identical 
dosage of non-conjugated isotype control magnetic beads incubated with pooled quality control plasma from leftover 
samples. The complete absence of non-specific EV carryover in these controls was verified via Western blot analysis.
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Elution of Immunocaptured L1CAM+ EV
Following the immunocapture incubation, the supernatant containing unbound components was carefully removed. The 
bead-bound complexes were resuspended in 50 µL of 0.05 mol/L glycine-HCl (pH 3.0) to dissociate the antibody– 
antigen interaction and elute the captured EVs. The mixture was incubated for 10 minutes under gentle agitation. 
Subsequently, the sample was placed on a magnetic rack to separate the magnetic beads from the eluent. The final 
supernatant, which contained the eluted EVs, was immediately transferred to a new protein low-binding tube and 
neutralized with 5 µL of 1 M Tris-HCl (pH 8.0) to ensure pH stability for downstream analyses.

Nanoparticle Tracking Analysis (NTA)
The size distribution and concentration of the isolated EVs were determined using Nanoparticle Tracking Analysis 
(NanoSight NS300, Malvern Panalytical). The eluted EV samples were diluted with sterile, particle-free phosphate- 
buffered saline (PBS) at ratios ranging from 1:10 to 1:100 to achieve an optimal concentration for analysis (20–100 
particles per frame). For each sample, three videos of 60 seconds duration were captured under constant flow conditions 
at room temperature. The built-in NTA software (NTA 3.4) was used to analyze the videos, which tracks the Brownian 
motion of individual particles and calculates their hydrodynamic diameter and concentration based on the Stokes- 
Einstein equation.

Transmission Electron Microscopy (TEM)
The morphology of the isolated L1CAM+ EVs was visualized by TEM. Briefly, 10 µL of the L1CAM+ EV sample was 
applied to a formvar/carbon-coated copper grid and allowed to adsorb for 10 minutes. Excess liquid was blotted away 
with filter paper. The grid was then negatively stained with 2% (w/v) uranyl acetate solution for 1 minute, and the excess 
stain was removed. After air-drying, the grids were imaged using FEI Tecnai G2 transmission electron microscope 
operating at 100 kV at a magnification of 30,000×.

Western Blotting
To confirm the enrichment of L1CAM+ EVs and assess the presence of specific protein markers, Western blotting was 
performed. The protein content of the eluted L1CAM+ EVs was quantified using a BCA assay. An equal amount of 
protein from each sample was mixed with Laemmli sample buffer, denatured at 95°C for 5 minutes, and separated by 
SDS-PAGE on a 10% gel. The separated proteins were then transferred onto a PVDF membrane. The membrane was 
blocked with 5% non-fat milk in TBST (Tris-buffered saline with 0.1% Tween-20) for 1 hour at room temperature and 
subsequently incubated overnight at 4°C with the following primary antibodies: mouse anti-human L1CAM (1:1000, 
Invitrogen MA5-14140), rabbit anti-human CD9 (1:1000, abcam, ab263019), rabbit anti-human TSG101 (1:1000, abcam, 
ab125011), mouse anti-HSP90 (1:1000, Santa Cruz, sc-69703) and rabbit anti-human Calnexin (1:1000, abcam, 
ab133615) as a negative control for cellular contamination. After washing, the membrane was incubated with secondary 
antibodies (1:5000, Sangon Biotech, D110087 for mouse derived primary antibody, D110056 for rabbit derived primary 
antibody) for 1 hour at room temperature. Protein bands were visualized using an enhanced chemiluminescence (ECL) 
substrate and imaged with a chemiluminescence imaging system.

Protein Extraction and Digestion
The immunocaptured L1CAM+ EV-bead complexes were thawed, placed on a magnetic rack, and the supernatant was discarded. 
To directly lyse the EVs and extract proteins, 100 µL of 8 M urea was added to the bead pellet. For disulfide bond reduction, 10 µL 
of 100 mM dithiothreitol (DTT) was added, and the mixture was incubated at 37 °C for 2 h. Subsequently, proteins were alkylated 
with 10 µL of 500 mM iodoacetamide (IAA) in the dark for 15 min at room temperature. Residual IAA was then quenched by 
adding an additional 10 µL of 100 mM DTT and incubating for 15 min at room temperature.

Following extraction, protein cleanup and digestion were performed using the Single-Pot Solid-Phase-enhanced 
Sample Preparation (SP3) protocol (Hughes et al, 2019). Pre-washed SP3 magnetic beads were added to the lysate (at 
a 1:10 ratio), followed immediately by the addition of an equal volume of pure acetonitrile (ACN). The mixture was 
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vortexed at 1200 rpm for 30 min at room temperature to facilitate protein binding to the SP3 beads. After brief 
centrifugation (2 s) and magnetic separation for 2 min, the supernatant was discarded. The bead-bound proteins were 
washed three times: for each wash, 180 µL of 80% ACN was added, vortexed for 1 min, and magnetically separated. The 
SP3 beads were subsequently air-dried in a fume hood for 5 min.

For digestion, 1 µg of sequencing-grade trypsin dissolved in 200 µL of 25 mM ammonium bicarbonate was added to the SP3 
beads. The suspension was sonicated for 5 min and incubated overnight at 37 °C with agitation (600 rpm). Post-digestion, the 
sample was centrifuged at 20,000 rpm for 2 min and placed on a magnetic rack for 2 min to collect the peptide-containing 
supernatant. To maximize peptide recovery, the beads were eluted a second time with 200 µL of 2% DMSO, sonicated for 5 min, 
vortexed for 5 min, and magnetically separated. Both supernatants were combined and dried in a vacuum centrifuge prior to 
desalting.

Peptide Desalting
Peptide mixtures were desalted using ZipTip C18 Pipette Tips (Merck Millipore, USA) according to the manufacturer’s 
instructions with minor modifications. Briefly, the vacuum-dried peptide samples were resuspended in Nano-HPLC Buffer 
A. The C18 columns were first activated with 40 µL of methanol (twice) and equilibrated with 40 µL of Nano-HPLC Buffer 
A (twice) by centrifugation. The resuspended sample was loaded onto the column, and the flow-through was re-passed through the 
column to ensure maximal binding. After washing the column twice with 40 µL of Nano-HPLC Buffer A, the bound peptides 
were eluted with 40 µL of Elution Buffer B. The elution step was repeated once to yield a total volume of 80 µL. The final eluate 
was evaporated to dryness in a vacuum centrifuge prior to LC-MS/MS analysis.

Liquid Chromatography–Tandem Mass Spectrometry (LC–MS/MS)
Peptide separation was performed on an Ultimate 3000 nanoLC system (Thermo Scientific) using a 75 μm × 15 cm C18 
column (Aurora Ultimate). Mobile phases consisted of 0.1% formic acid in water (A) and 0.1% formic acid in 80% 
acetonitrile (B). Peptides were eluted with the following gradient at a flow rate of 600 nL/min: 8–35% B over 
9.5 min, 35–90% B from 9.5–10.5 min, 90% B from 10.5–11.5 min, and 90–2% B from 11.5–12 min.

Eluted peptides were analyzed on a timsTOF HT mass spectrometer (Bruker) operating in data-independent acquisition (DIA) 
mode with parallel accumulation–serial fragmentation (PASEF). The scan range was 100–1700 m/z with ion mobility separation 
between 0.6 and 1.6 1/K0 (V·s/cm2). Accumulation time was set to 50 ms with a 100% duty cycle. Isolation windows were 2 m/z 
below 700 m/z and 3 m/z above 800 m/z. Default collision energies (20–59 eV) were applied.

Database Search and Protein Identification
Raw data were processed with DIA-NN (v1.8.1) using the UniProt Homo sapiens reference proteome (UP000005640; 20,597 
entries) supplemented with iRT peptides. The following parameters were applied: enzyme specificity for trypsin with up to one 
missed cleavage; carbamidomethylation (C) as a fixed modification; and methionine oxidation and protein N-terminal acetylation 
as variable modifications. MS1 and MS2 tolerances were set to automatic adjustment. A false discovery rate (FDR) of 1% was 
applied at precursor and protein levels, and quantification was based on identified peptide intensities.

Protein quantification was based on MaxLFQ intensities generated by DIA-NN, which normalizes and integrates the intensity 
profiles of all quantifiable unique peptides for each protein. For downstream statistical interpretation, the protein abundance matrix 
was initially filtered to control missing data. The remaining missing values were systematically imputed utilizing the GSimp 
(Gibbs sampler-based left-truncated imputation) algorithm. Subsequently, Variance Stabilizing Normalization (vsn) was per
formed on the data matrix to minimize systematic technical variation and stabilize variance across samples. Characterized protein 
and the corresponding peptide number in each sample was presented in Table S2.

Bioinformatics Analysis
Subcellular localization was predicted using DeepLoc 2.1. Following log2-transformation and missing value imputation, data 
quality was evaluated via Principal Component Analysis (PCA), Pearson correlation, and hierarchical clustering. Differential 
expression analysis was performed using the limma package, identifying significantly differentially expressed proteins (DEPs) 
with a threshold of p < 0.01 and |log2FC| > 1. Functional enrichment, including Over-Representation Analysis (ORA) and 

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S616053                                                                                                                                                                                                                                                                                                                                                                                                       5

Zhou et al

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

https://www.dovepress.com/article/supplementary_file/616053/616053%20Revised%20Supplementary%20Materials.docx


Gene Set Enrichment Analysis (GSEA), was conducted using the DEP2 package based on Gene Ontology (GO), KEGG, and 
Reactome databases, complemented by Protein–Protein Interaction (PPI) network analysis.

Statistics
Statistical analyses and data visualization were performed using Origin. For comparisons of protein expression levels across 
the three groups, Welch’s one-way ANOVA was employed. Associations between the abundance of DEPs, QSM metrics, and 
clinical characteristics were evaluated using Spearman’s rank correlation analysis. A p-value of <0.05 was considered 
statistically significant. Candidate biomarker selection was performed using the iterative feature selection algorithm described 
by Feng et al.43 Briefly, this wrapper-based approach employs recursive feature elimination to identify optimal biomarker 
combinations for binary classification. Starting from the top-ranked DEPs (ranked by fold-change and statistical significance), 
the algorithm iteratively evaluates all possible combinations of biomarkers using logistic regression. For each combination, 
classification performance is assessed through leave-one-out cross-validation. The objective function aims to maximize the 
area under the curve (AUC) while minimizing the number of features. Combinations that achieve predefined performance 
thresholds (AUC > 0.85) are retained as candidate biomarker panels. This approach systematically identifies parsimonious 
biomarker sets (such as COL3A1+NRGN and CSE1L) that provide high discriminatory power between PD subtypes.

Results
Extracellular Vesicle Characterization
To verify the successful isolation of L1CAM+ EVs from plasma, we employed Western blotting, transmission electron 
microscopy (TEM), and nanoparticle tracking analysis (NTA). The eluted EV solution showed a unimodal size distribution 
(peak at 103 nm) centered around the previously reported diameter range for L1CAM+ EVs (Figure 1A). TEM further confirmed 
the presence of EVs in the eluted fraction, with morphology consistent with previously described EV structures (Figure 1B). The 
presence of characteristic bands for CD9, CD81, HSP90, and L1CAM (CD171) indicates successful enrichment of L1CAM+ EVs 
(Figure 1C). Collectively, these results confirm the successful isolation of neuron-derived EVs via L1CAM immunocapture.

Tims TOF HT-DIA Analysis L1CAM+ EV Proteins and Identified Differentially 
Expressed Proteins (DEPs) Between Groups
Using TimsTOF HT-DIA-based proteomic profiling, we identified a total of 1354 reliable proteins from L1CAM+ EV 
across all subjects. Hierarchical clustering and principal component analysis (PCA) revealed a clear group-level 
separation among the PD-RBD, PD-noRBD, and HC groups. Differential expression analysis revealed 239 DEPs 
between PD-noRBD and PD-RBD (141 up-regulated, 98 down-regulated), 363 DEPs between PD-noRBD and HC 
(191 up, 172 down), and 196 DEPs between PD-RBD and HC (88 up, 108 down) (|log2 fold change| > 1 and adjusted 

Figure 1 Validation of plasma extracellular vesicles. (A) NTA shows that the size distribution of EVs centered on ~103 nm. (B) Representative TEM image of isolated 
L1CAM+ EV (magnification: 30,000×). Scale bar = 200 nm. (C) WB analysis showed the expression of L1CAM+ EV marker proteins.
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p-value <0.01, Figure 2A). These DEPs are visualized in volcano plots and hierarchical clustering heatmaps 
(Figure 2A and B), and are detailed in Figures S1–S4. Moreover, subcellular localization prediction using DeepLoc 
2.1 showed that the identified proteins were predominantly distributed in the extracellular space (47%), cytoplasm 
(20%), and nucleus (8%), with smaller fractions assigned to cell membrane, endoplasmic reticulum, mitochondrion, 
and other compartments (Figure 2C).

Figure 2 Screening for differentially expressed proteins in plasma extracellular vesicles. (A) Cluster analysis and PCA plot of plasma L1CAM+ EV proteins between healthy 
controls, PD-RBD and PD-no RBD. (B) In the volcano plot, where the blue dots represent downregulated proteins and the red dots represent up-regulated proteins. (C) 
Subcellular localization pie chart of the identified proteins. The figure shows the proportion of proteins assigned to each subcellular category.
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Pathway Enrichment Analysis by Over-Representation Analysis (ORA)
We then performed pathway enrichment by ORA in GO/KEGG/REACTOME databases. Significant enrichment groups 
were identified (p-adj. <0.05 was considered significant).

GO enrichment analysis revealed several immune- and metabolism-related processes significantly altered in PD- 
noRBD compared to PD-RBD. “Blood microparticle”, “collagen-containing extracellular matrix”, and “humoral immune 
response” were among the top enriched terms (Figure 3A). Additional ORA categories included peptidase regulatory 
activity and multiple lipoprotein-related processes, such as “lipoprotein particle”, “Humoral Immune Response” and 
“Peptidase Regulator Activity”. Functional network analysis further demonstrated that these enriched terms were 
interconnected by key proteins, including SERPING1, APOE, CETP, and PON1 in lipid metabolism, and TF, TFRC 
in iron metabolism, as well as C3, IGHG4, in immune regulation (Figure 3B). In PD-noRBD, metabolic and blood 
microparticle-related pathways were more prominent, whereas ECM remodeling predominates in PD-RBD. These 
findings suggest that extracellular matrix remodeling, lipid metabolism and iron metabolism pathways contribute to 
the pathophysiological differences between PD-noRBD and PD-RBD.

KEGG pathway enrichment further highlighted alterations in immune- and lipid-related pathways between PD- 
noRBD and PD-RBD. “Complement and coagulation cascades” emerged as the most significantly enriched category 
among the upregulated signatures in the PD-noRBD group. Other significantly enriched pathways included, cholesterol 
metabolism, adherens junction, and immune reaction processes (Figure 3C). Network analysis demonstrated two major 
reliable functional clusters: a complement coagulation module driven by key proteins such as CFHR5, SERPING1, and 
several Complement Components. A lipid metabolism module enriched for APOE, APOB, CETP, PLTP, and APOA1. 
Notably, a module related to COVID-19 emerged, driven by STING1, MMP3 and several Ribosomal Proteins (RPL/RPS 
series), while it shares several Complement Components with other modules (Figure 3D). Together, these findings 
suggest that dysregulation of complement activation, immune response, and lipid metabolism represent different 
pathophysiological features distinguishing PD-noRBD and PD-RBD.

Metabolic, platelet and complement-related processes were reiterated in Reactome enrichment. Significant enrichment 
was observed in pathways associated with complement cascade, platelet degranulation, and regulation of insulin-like 
growth factor (IGF) transport and uptake by IGFBPs (Figure 3E). In addition, processes related to post-translational 
protein phosphorylation, as well as plasma lipoprotein assembly and remodeling, were also identified. Notably, as the 
pathway of regulation of IGF transport and uptake was significantly enriched, suggesting potential links to metabolic and 
neuroprotective mechanisms. The Reactome protein-term interaction network further highlighted key nodes such as 
APOE, APOB, and HSP90B1 in IGF transport and uptake, and FN1, ALB, and A2M in platelet degranulation, alongside 
C3, C4A, C1R, and CFP within the complement cascade. (Figure 3F).

Together, these findings indicate that both immune-coagulation dysregulation and metabolic pathways may underlie 
the phenotypic divergence between PD patients with and without RBD. Importantly, this aligns with the long-standing 
hypothesis that a substantial proportion of sporadic PD is closely linked to systemic metabolic dysfunction, whereas PD 
with RBD may be more directly rooted in brain-origin mechanisms. Furthermore, comparisons of each PD subgroup with 
healthy controls yielded consistent patterns supporting the above observations, as detailed in the Figures S5–S7.

Pathway Enrichment Analysis by Gene Set Enrichment Analysis (GSEA)
GSEA based on KEGG pathways indicated prominent enrichment of lipid metabolism and immune-coagulation 
processes, which was generally in line with ORA results. Key pathways significantly enriched with positive enrichment 
scores in PD-noRBD compared with PD-RBD included cholesterol metabolism, complement and coagulation cascades, 
regulation of actin cytoskeleton, and global metabolic pathways (Figure 4A). Broader metabolic pathways were also 
significantly represented. Conversely, significant negative enrichment was exclusively observed in the ribosome pathway, 
which also manifested the highest statistical significance, suggesting a profound divergence in active protein translation 
machinery between the two clinical subtypes. The enrichment profile underscores that lipid dysregulation and immune- 
coagulation abnormalities are central biological features distinguishing PD patients with and without RBD.
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Figure 3 ORA pathway enrichment map for L1CAM+ EV proteins in PD-RBD vs PD-noRBD. ORA was performed using the clusterProfiler package to identify significantly 
enriched biological processes and pathways. (A and B), GO enrichment analysis of DEPs, shown as dot plots (A) and Gene-Concept Network (GCN) (B). (C and D), 
KEGG pathway enrichment analysis of DEPs, shown as dot plots (C) and GCN (D). (E and F), Reactome pathway enrichment analysis of DEPs, shown as dot plots (E) and 
GCN (F). In dot plots, circle size represents the number of proteins enriched in each term, and color indicates the adjusted p-value. In GCN maps, node size reflects the 
number of proteins associated with each pathway, and edges denote overlap between pathways.
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GSEA based on GO terms highlights nuclear and chromatin-associated processes between PD-noRBD and PD-RBD. 
Specifically, functions including transporter activity, lipid localization, and small molecule metabolic process were 
enriched in PD-noRBD (Figure 4B). In contrast, pathways related to nucleoplasm, nuclear lumen, nucleic acid binding, 
chromatin organization, protein-DNA complex, and ribosomal subunit were enriched in the PD-RBD group, while terms 
associated with chromatin remodeling and organization were also significant. Slightly different from ORA, GSEA 
enrichment profile suggests that alterations in chromatin dynamics and nuclear function, together with lipid transport 
mechanisms, underpins the divergent molecular pathogenesis in PD patients with or without a history of RBD.

Figure 4 Gene set enrichment and protein–protein interaction analysis of L1CAM+ EV proteins in PD-RBD vs PD-noRBD. (A-C), Gene Set Enrichment Analysis (GSEA) of 
DEPs across KEGG (A), GO (B), and Reactome (C) databases. Dot plots display significantly enriched gene sets, where circle size corresponds to the number of proteins 
enriched and color represents the adjusted p-value. The enrichment score indicates the degree and direction of pathway regulation. (D) Protein–protein interaction (PPI) 
network constructed from DEPs enriched in key pathways. Nodes represent proteins, edges indicate protein–protein interactions.
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Reactome GSEA analysis exclusively revealed negative enrichment of translation and RNA processing pathways in 
PD-noRBD compared with PD-RBD (Figure 4C). Key suppressed terms included Eukaryotic Translation Termination, 
Viral mRNA Translation, rRNA processing, Nonsense-Mediated Decay, and SRP-dependent cotranslational protein 
targeting to membrane. Additionally, significant downregulation was observed in the Response of EIF2AK4 to amino 
acid deficiency, Selenoamino acid metabolism, Formation of free 40S subunits, as well as overarching clusters of 
Translation and Metabolism of RNA. This profile suggests that the PD-noRBD phenotype is characterized by 
a coordinated suppression of protein synthesis, ribosomal assembly, and RNA metabolic machinery compared with PD- 
RBD.

Taken together, GSEA results across GO, KEGG, and Reactome consistently point to coordinated alterations in lipid 
metabolism, immune-coagulation processes, importantly, nuclear/translational functions. These findings suggest that both 
metabolic-immune dysregulation and impaired nuclear/chromatin dynamics underline the phenotypic divergence between 
PD patients with and without RBD. Additional comparisons with healthy controls, presented in Supplementary Materials, 
further support these observations (Figures S8 and S9).

Protein–Protein Interaction (PPI) Analysis
To further explore the biological significance of DEPs between groups, PPI network was constructed. Network analysis 
revealed densely interconnected modules between PD-noRBD vs PD-RBD, and PD vs HC.

In comparison between PD-noRBD and PD-RBD, the PPI network was dominated by lipid metabolism and 
inflammatory proteins. Hub nodes included CETP, APOF, APOE, and APOA2, which were highly interconnected and 
involved in lipoprotein remodeling and cholesterol transport. Acute-phase proteins such as CRP and SAA4, together with 
BPIFA1 and PCYOX1, further connected the network, indicating systemic inflammatory and oxidative stress–related 
processes. (Figure 4D) These findings suggest that lipid transport dysregulation and inflammatory responses play a major 
role in differentiating PD patients with and without RBD.

When comparing PD patients (both PD-noRBD and PD-RBD) to healthy controls, the networks consistently high
lighted ECM and proteoglycan-related clusters, with XYLT2, BGN, VCAN, DCN, and SRGN forming the central 
modules. These proteins are closely linked to glycosaminoglycan biosynthesis and ECM organization, suggesting 
profound structural remodeling of the extracellular microenvironment in PD. Complement pathway components such 
as SERPING1 were also represented, reinforcing the involvement of immune activation in PD pathology. (Figure S10) 
Taken together, the PPI analysis indicates that while lipid and inflammatory pathways drive the differences between PD- 
noRBD and PD-RBD, both PD subgroups share common ECM remodeling and complement activation signatures 
compared with HCs.

Overall, integrated PPI results highlight a dual pattern: PD-noRBD is characterized by enhanced lipid metabolism and 
inflammatory activity, whereas PD-RBD shows a stronger ECM and complement activation signature. Both subgroups, 
however, share a common PD-related core of extracellular matrix remodeling and immune dysregulation, suggesting 
converging but distinct pathogenic mechanisms underlying PD phenotypes with and without RBD.

Correlation Analyses of Prominent DEPs with Quantitative Susceptibility Mapping 
(QSM) Metrics and Clinical Features
Quantitative Susceptibility Mapping (QSM) is a magnetic resonance imaging technique that quantifies tissue 
magnetic susceptibility, enabling non-invasive assessment of brain iron deposition. Representative QSM images 
and region-of-interest delineation are shown in Figure S11. Given that dysregulation of iron metabolism has been 
long considered to play a central role in PD pathogenesis, and iron-related proteins were identified as hub proteins in 
our enrichment analysis, prominent DEPs were correlated with QSM metrics in major PD lesion sites (Figure 5A). 
The strongest associations emerged in the pallidum: COL3A1 correlated positively with QSM in both globus 
pallidus externus and internus, whereas MMP7 showed inverse correlations. Lipid transport proteins PLTP and 
regulator protein IQGAP1 also showed positive associations with pallidal QSM. Moreover, iron-handling protein 
LTF correlated negatively. In contrast, fibrinogen chains (FGG, FGB) were most strongly linked to striatal 
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Figure 5 Correlation heatmaps of prominent DEPs with QSM metrics and clinical features in PD. Heatmaps display Spearman correlation coefficients (ρ) between DEPs and 
(A) QSM values in major PD lesion sites, or (B) clinical parameters including UPDRS-III scores, age at onset, disease duration, and symptoms. Color scale indicates the 
strength and direction of correlations (red = positive, blue = negative). Asterisks mark statistically significant correlations (*p < 0.05).
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susceptibility, whereas no robust protein–QSM associations were found in the red nucleus, substantia nigra, or 
subthalamic nucleus. These data indicate that pallidal iron deposition is linked to ECM remodeling, metabolism, and 
iron transport, while striatal susceptibility aligns with neuroinflammation-related pathways.

Beyond imaging markers, several DEPs correlated with clinical features. (Figure 5B) AAMDC and PLTP showed 
positive correlations with UPDRS-III motor scores, whereas ELAVL3 correlated negatively, implicating lipid metabolism 
and neurodegeneration in motor impairment. Disease duration was positively associated with proteins involved in 
metabolism, cytoskeletal dynamics, and extracellular matrix remodeling (eg, AAMDC, PLTP, IQGAP1, APOL1, 
FGB). Age at onset showed opposite correlations with CETP and RAB27B (negative) versus MMP7, POLR3E, and 
ACTA2 (positive), suggesting nuanced effects of lipid metabolism and matrix remodeling on disease initiation. 
Interestingly, constipation correlated positively with MMP7, ENSA, POLR3E, CSE1L, ACTA2 and negatively with 
COL3A1 and TF, indicating multifactorial mechanisms involving neuronal excitability, extracellular matrix changes, and 
iron homeostasis in autonomic neuron dysfunction. Finally, diabetes mellitus was negatively associated with CSE1L and 
LTF, pointing to mechanisms of nucleocytoplasmic trafficking and iron regulation.

Differentiating PD Subtypes with L1CAM+ EV-Based Proteins
The hallmark pathological protein SNCA (ɑ-synuclein) was noticed to be significantly upregulated in RBD patients’ and 
PD patients’ plasma EVs.44,45 Nevertheless, scenario in targeted neuron-derived EVs is promising but remains highly 
controversial.42,43,46 In our case, we noticed that SNCA level in PD-RBD was significantly higher than PD-noRBD. 
(Figure 6A) Such a difference implies the distinct pathogenesis regarding PD subtypes with or without a RBD history. 
Furthermore, a panel of biomarkers can be discovered to distinguish these subtypes, to provide reference for patients’ 
prognosis and treatment in the future (Figure S12).

Using a multi-biomarker subset selection algorithm, we screened plasma L1CAM+ EV proteins to identify potential 
biomarkers for differentiating these two PD subtypes out of three classes.47 Two strategies were proposed, the first one is 
to combine two markers that solely highlight one class from three classes. There are quite a few combinations fit for this 
strategy, and we hereby demonstrate an example. (Figure 6B and C) Another one is to select a single marker that has 
distinct levels in each of three classes, which makes it possible to discern the condition by a single measurement. 
(Figure 6D–F) However, the number of proteins that met this criterion was limited in our proteomics data, while their 
diagnostic value needs further larger multicenter validations.

Discussion
In this study, we performed an exploratory proteomic analysis of plasma neuron-derived EV to delineate the molecular 
landscapes of PD subtypes in patients with and without a history of RBD. Our findings reveal intriguing and subtype- 
specific alterations in the L1CAM+ EV proteome, highlighting divergent pathophysiological profiles underlying PD-RBD 
and PD-noRBD, and identifying a panel of potential biomarkers.

A notable observation is the distinct molecular signatures separating the two subtypes. Although both subtypes 
exhibit significant alterations compared to healthy controls, the PD-noRBD group was characterized by a pronounced 
upregulation of proteins involved in lipid metabolism and inflammatory responses. Key hub proteins central to 
lipoprotein remodeling and cholesterol transport (such as APOE, CETP, and PLTP) formed a interconnected network, 
supporting the relevance of systemic metabolic dysfunction, in subtype-specific PD pathogenesis. The enrichment of 
immune-coagulation pathways suggests a state of chronic systemic inflammation component in PD-noRBD. This is 
supported by our correlation analysis, where fibrinogen chains (FGG, FGB) showed a positive association with iron 
deposition in the striatum. This finding potentially links peripheral inflammatory-coagulative activity to regional 
subcortical neurodegeneration.

In contrast, the PD-RBD group exhibited a signature dominated by ECM remodeling, localized neurodegenera
tion, active RNA translational regulation. We observed an upregulation of critical proteins such as neuronal integrity 
marker NRGN and RNA-binding protein ELAVL3, alongside the matrix-modulating components COL1A2 or 
MMP14. This proteomic profile is reinforced by pathway enrichment analysis, which demonstrates that eukaryotic 
translation, and ribosomal RNA processing machinery are prominently associated with the PD-RBD cases. 

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S616053                                                                                                                                                                                                                                                                                                                                                                                                      13

Zhou et al

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

https://www.dovepress.com/article/supplementary_file/616053/616053%20Revised%20Supplementary%20Materials.docx


Collectively, these findings imply that the pathological trajectory of PD-RBD may be more closely linked to 
a “neurodegeneration-centric” framework.

Our analysis also highlighted several candidate proteins with distinct correlation patterns tied to clinical 
metrics.28,48,49 DEPs preferential to the PD-noRBD status generally associated positively with clinical severity scales, 
disease duration, and metabolic co-morbidities like diabetes. Conversely, DEPs unique to the PD-RBD profile displayed 
inverse trends with these metrics but showed positive correlations with onset age and autonomic features such as 
constipation. PD-noRBD-enriched DEPs were generally positively associated with QSM values, whereas PD-RBD- 
enriched DEPs were negatively associated. These heterogeneous association profiles reinforce the distinct systemic 
involvement characterizing individual PD subphenotypes, which conceptually aligns with emerging “body-first” versus 
“brain-first” models of disease progression.50

It was also noticed that several interesting correlation were presented in this work. The significant positive correlation 
between PD-noRBD pronounced proteins (eg COL3A1) and iron deposition in the globus pallidus, and the inverse 
correlation with PD-RBD pronounced proteins (eg MMP7 and COL1A2), suggest a dynamic interplay between ECM 
turnover and iron dyshomeostasis in this specific brain region. This is particularly intriguing as COL3A1 is considered 
a collagen component in ECM but was pronounced in PD-noRBD cases, which was in an opposite direction as its 
paralog COL1A2. We further deduce that it might be related to their different roles in material architecture, which further 
links to different pathophysiology. On the other hand, we noticed a “COVID-19” pathway was repeatedly and 
significantly enriched in both PD-noRBD and PD-RBD groups, whereas its potency in PD-noRBD exceed that in PD- 

Figure 6 Differential expression and biomarker validation of L1CAM+ EV proteins in PD subtypes. (A) Distribution of the core pathological protein SNCA across PD- 
noRBD, PD-RBD, and HC groups. B-E, Multiple comparisons of selected marker proteins: (B) COL3A1, (C) NRGN, (D) CSE1L, (E) VWF and (F) LTBP2 in plasma L1CAM+ 
EVs. Welch’s ANOVA for multiple comparisons, Asterisks indicate statistical significance: *p < 0.05, ***p < 0.001, ****p < 0.0001.
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RBD. We backdated the clinical record, and noticed that all participants underwent at least once COVID infection 
during year 2023–2024. We have raised two hypothesis: first, it may represent a coincidental enrichment driven by 
overlapping inflammatory or immune-related gene annotations; second, COVID-19 infection does participate in PD 
pathogenesis, exerting differential weights across distinct clinical subtypes. Either way, these results warrant further 
large-scale clinical and functional validation.

This study also identifies several proteins with biomarker potential. Although several pioneers have made substantial 
contributions in distinguishing RBD related subtypes. Our own team previously demonstrated that serum L1CAM+ nEV 
α-synuclein accurately identifies prodromal iRBD cohorts, and reliably differentiates clinical PD from atypical 
parkinsonism.41,50 In parallel, targeted proteomic and targeted immunosorbent platforms were also used in nEV 
assessment.28,51 Several biomarkers, or biomarker panels were highlighted, some of which were consistent with our 
data (eg MMP7 and SLC family). While these valuable prior studies have largely focused on pre-defined or targeted 
biomarker panels, our work complements them by offering an untargeted, exploratory global proteomic overview in this 
specific context.

Taken together, these insights support the hypothesis that PD comprises heterogeneous subtypes with unique 
molecular characteristics rather than representing a monolithic entity.

Despite these compelling findings, several limitations must be acknowledged. The relatively small sample size is 
the most significant limitation, which may affect the statistical power and generalizability of our results. Independent 
validation in a larger, prospective, multi-center cohort is an absolute prerequisite for clinical translation. Second, while 
we used L1CAM immunoprecipitation to scavenge neuron-derived EVs, the specificity of this method remains a topic 
of debate, and our findings could be influenced by non-neuronal contaminants.52 Third, our study is cross-sectional, 
precluding any conclusions about the causal relationships or the temporal evolution of the observed proteomic 
changes. Furthermore, it must be acknowledged that the present study lacks direct cell- or animal-based experimental 
evidence to validate the detailed downstream functional importance of the identified candidate biomarkers. 
Longitudinal studies are needed to determine if these signatures can predict phenotypic conversion from RBD to 
PD or track disease progression.

Conclusions
In conclusion, this exploratory study maps plasma neuron-derived EV profiles in PD subtypes. The data indicate that PD- 
noRBD subtype inclines to demonstrate alterations in lipid metabolism and systemic inflammation, whereas PD-RBD 
displays a signature associated with localized translational regulation, neurodegeneration, and ECM remodeling. These 
distinct molecular profiles also provided a pool of candidate biomarkers that may assist in patient stratification and help 
clarify the clinical heterogeneity of PD.
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