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Objective: The observational association between cathepsin and Parkinson’s disease (PD) has been partially explored in previous research. However, the causal relationship remains unclear. In this study, our objective is to investigate the causal link between cathepsin and PD using Mendelian randomization (MR) analysis and elucidate the underlying mechanisms governing their interaction.

Methods: Utilizing bidirectional two-sample MR and multivariable MR, we systematically investigates the causal relationship between nine cathepsins and PD. The data pertaining to cathepsins were obtained from the Integrative Epidemiology Unit (IEU) Open GWAS Project, while data related to PD were sourced from versions R9 and R10 of the FinnGen database. The primary analytical method utilized was the inverse variance weighted (IVW), with MR analysis initially conducted using PD data from R9, complemented by a series of sensitivity analyses. Subsequently, replication analysis was performed on the R10 dataset, and meta-analysis were employed to merge the findings from both datasets. To explore potential mechanisms by which Cathepsins may impact PD, MR analyses were performed on significant Cathepsins with alpha-synuclein. MR analysis and colocalization analysis were conducted on expression quantitative trait loci (eQTL) data of gene related to alpha-synuclein with PD data.

Result: Forward MR analyses revealed more cathepsin B (CTSB) associated with less PD risk (OR = 0.898, 95%CI: 0.834–0.966, p = 0.004), while more cathepsin H (CTSH) (OR = 1.076, 95%CI: 1.007–1.149, p = 0.029) and more cathepsin S (CTSS) (OR = 1.076, 95%CI: 1.007–1.150, p = 0.030) associated with increasing PD risk. Meta-analyses validated these associations. Multivariate MR Results were consistent with those before adjustment. No significant results were observed in bidirectional MR analysis. In the investigation of the underlying mechanism, our findings demonstrate that CTSB significantly reduces the levels of alpha-synuclein (OR = 0.909, 95%CI: 0.841–0.983, p = 0.017). Concurrently, a genetically determined positive correlation between alpha-synuclein and PD is illuminated by both eQTL MR and colocalization analysis.

Conclusion: In conclusion, this MR study yields robust evidence suggesting an association between elevated levels of CTSB and reduced PD risk, mediated by the downregulation of alpha-synuclein levels. Conversely, higher levels of CTSH and CTSS are associated with an increased risk of PD. These findings offer novel insights into the pathophysiological mechanisms of PD and identify potential drug targets for disease prevention and treatment warranting further clinical investigations.
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1 Introduction

Parkinson’s disease (PD) is a prevalent neurodegenerative disorder characterized by the loss of dopaminergic neurons in the substantia nigra region of the brain. As the second most common neurodegenerative disease, PD affects millions of people worldwide (Bloem et al., 2021). Despite extensive research, the precise etiology and pathogenic mechanisms of PD remain unclear. Current studies widely posit that aberrant aggregation of alpha-synuclein is a crucial factor in the onset of PD (Dehay et al., 2015). Emerging evidence suggests that proteases, specifically cathepsins, may play a crucial role in the development and progression of PD.

Cathepsins, a group of lysosomal proteases, play a critical role in the breakdown of proteins into smaller peptides or amino acids. These enzymes are pivotal in numerous physiological processes such as protein degradation, cell signaling, and the regulation of immune responses (Khaket et al., 2019). In recent years, Cathepsins have been identified beyond the confines of lysosomes, exhibiting widespread presence in the cell nucleus, mitochondria, cytoplasm, and extracellular spaces (Vizovišek et al., 2019; Wang et al., 2023). They are considered pivotal signaling molecules, playing crucial roles in the mechanisms underlying neurodegenerative disorders and cancer. Hence, there has been a growing focus on understanding the role of cathepsins in neurodegenerative diseases, including PD (Moors et al., 2016). Among these, Cathepsin B (CTSB) has been found to be closely associated with PD at multiple genetic levels. For instance, in a genetic sequencing study by Milanowski et al. (2022), an elevated mutation rate of the CTSB p.Gly284Val locus was observed in PD populations. Additionally, in a primary genome-wide association study (GWAS) by Blauwendraat et al. (2020), variants near CTSB were identified as one of the most significant contributors to PD occurrence.

Utilizing genetic variants as instrumental variables (IVs), Mendelian Randomization (MR) is an increasingly popular analytical technique employed to infer the causal impact of exposures on outcomes, providing insights into their potential causal effects (Smith and Ebrahim, 2003; Pierce et al., 2011; Sanderson et al., 2022). Given the constraints associated with the absence of a randomized controlled trial (RCT) or the initiation of new RCTs, this approach emerges as a significant alternative strategy. It offers a reliable foundation for establishing evidence of a causal link between exposure and disease risk (Bowden et al., 2015).

This study aims to investigate the potential causal relationship between nine cathepsins (B, E, F, G, H, O, S, L2, Z) and the risk of developing PD. To comprehensively explore the relationship between cathepsins and PD, bidirectional two-sample MR analysis, multivariable MR analysis, and meta-analysis were employed. This research methodology has enhanced the comprehension of the pathogenic mechanisms underlying PD, while concurrently furnishing robust evidence for the formulation of viable screening and preventive strategies for PD.



2 Materials and methods


2.1 Study design

In this study, bidirectional two-sample MR and multivariable MR analyses were conducted to systematically assess the intrinsic associations between nine cathepsins (B, E, F, G, H, O, S, L2, Z) and the risk of developing PD. To ensure the credibility of the study design, a series of statistical methods were employed to validate the results. Two distinct PD GWAS datasets were selected, with the R9 dataset utilized for initial analyses and a series of sensitivity tests, while the R10 dataset was employed for replication analysis. Additionally, a meta-analysis was performed to strengthen the overall findings. In order to explore the specific mechanism of cathepsin’s influence on PD, we also tried to conduct two sample MR between the screened cathepsin and alpha-synuclein to verify the possibility of cathepsin’s influence on PD through the regulation of alpha-synuclein.

This MR study encompassed the testing of three hypotheses: Firstly, the genetic IVs are closely correlated with the exposure of interest. Secondly, the genetic IVs are unrelated to the outcome, independent of any known or unknown confounding factors. Furthermore, the impact of IVs on the outcome is solely mediated through the exposure of interest (Boef et al., 2015). A summary of the study design can be found in Figure 1.
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FIGURE 1
 Flow chart of mendelian randomization study design. SNP, single nucleotide polymorphism. eQTL, expression quantitative trait loci.




2.2 Data source

The data on cathepsin and alpha-synuclein were derived from the genomic atlas study of the human plasma proteome conducted by Sun et al. (2018), representing one of the most comprehensive plasma protein GWAS dataset currently available. These findings were sourced from the Integrative Epidemiology Unit (IEU) Open GWAS project, accessible online at https://gwas.mrcieu.ac.uk/ This resource provides a pivotal basis for exploring genetic associations across a wide array of plasma proteins, thereby facilitating a deeper understanding of their roles in human biology and disease. PD data were sourced from the FinnGen database,1 with separate collections of PD GWAS data at R9 and R10 levels. All participants included in the GWAS were of European descent (Table 1).



TABLE 1 Details of GWAS summary data.
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2.3 Selection of instrumental variables

For Cathepsins, single-nucleotide polymorphisms (SNPs) strongly associated with GWAS data are typically limited. Applying a threshold of p < 5 × 10−8 may result in an insufficient number of IVs for subsequent analysis. Therefore, more relaxed p-value criteria are generally employed in these studies. Based on previous research (Chai et al., 2022; Li et al., 2023), a threshold of p < 1 × 10−5 was used to select IVs. To ensure the independence of the selected IVs, linkage disequilibrium (LD) was assessed with PLINK, using an LD r2 < 0.01 within a 10,000 kb window. Furthermore, the strength of each selected SNP was evaluated by calculating the F-statistic using the formula (Pierce et al., 2011). F = [(N - k - 1) / k] × [R2 / (1 - R2)], where R2 indicates the proportion of exposure variance explained by the IVs, k denotes the number of IVs, and N represents the sample size. An F-statistic of 10 or higher provides strong evidence against the presence of weak instrument bias. Conversely, IVs with an F-statistic below 10 are considered weak and are recommended for exclusion (Davies et al., 2018).



2.4 Mendelian randomization analysis

Using the TwoSample MR package (version 0.5.6) in R 4.3.2, we investigated the causal relationship between each cathepsin and PD. The inverse variance-weighted method (IVW) was employed as the primary approach for evaluating causal association effects (Burgess et al., 2013). IVW is a meta-summary technique in MR that analyzes the impact of multiple SNPs on various loci when assessing causality. Furthermore, we employed the weighted median method (WME) (Bowden et al., 2016) and MR-Egger regression (Hartwig and Davies, 2016) to assess the reliability and stability of the results. When estimates of causal effects from these three distinct MR models were concordant, we concluded that the causal relationship between cathepsin and PD is reliable.



2.5 Heterogeneity and sensitivity tests

Cochran’s Q-test for IVW and MR-Egger was used to detect potential violations of the assumption by the heterogeneity of the association between individual IVs (Cohen et al., 2015). The included IVs will be considered not heterogeneous when p > 0.05. The default fixed-effects model was employed if no substantial heterogeneity (p > 0.05) was observed; otherwise, the random-effects model was utilized. MR-Egger was applied to estimate horizontal pleiotropy according to its intercept, ensuring that genetic variation was independently associated with exposure and outcome. When p > 0.05, it will be considered that there is less likely genetic pleiotropy in the causal analysis. The MR-PRESSO outlier test was used to correct for horizontal pleiotropy by removing or down-weighting the outliers when the horizontal pleiotropy was significant (p < 0.05) (Hemani et al., 2018). Furthermore, this study used the leave-one-out method to assess the likelihood of associations observed by individual SNP drivers (Burgess and Thompson, 2017).




3 Results


3.1 Causal effects of cathepsin on PD

After selecting SNPs with a p-value <1 × 10−5 and removing SNPs with linkage disequilibrium, we extracted a total of 131 SNPs from GWAS data (Supplementary Table S1). The F-value was calculated for each SNP, and the minimum F-value among all SNPs was 20.798, no SNP was considered a weak IV and thus excluded (Supplementary Table S2).

We conducted MR analysis on each cathepsin and PD. The results revealed that CTSB has an inhibitory effect on the occurrence of PD (OR = 0.898, 95% CI: 0.834–0.966, p = 0.004), whereas cathepsin H (CTSH) (OR = 1.076, 95% CI: 1.007–1.149, p = 0.029) and cathepsin S (CTSS) (OR = 1.076, 95% CI: 1.007–1.150, p = 0.030) increase the risk of PD (Figure 2). The robustness of the results was verified by heterogeneity and sensitivity tests (p > 0.05) (Supplementary Table S3).
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FIGURE 2
 The effect of cathepsin on PD. nSNP, number of single nucleotide polymorphism; OR, odds ratios; CI, confidence interval.




3.2 Validation and meta-analysis

To further validate the reliability of our conclusions, we reanalyzed the PD GWAS data at R10 level from the FinnGen database, employing it as the outcome. Subsequently, an MR analysis was conducted, and the results of the two analyses were subjected to meta-analysis. The meta-analysis outcomes consistently indicate a protective effect of CTSB against the occurrence of PD, while CTSH and CTSS are associated with an increased risk of PD, aligning with the findings of our previous MR analysis (Figure 3).

[image: Figure 3]

FIGURE 3
 The forest plot depicting the meta-analysis of Mendelian Randomization analysis results. OR, odds ratios; CI, confidence interval.




3.3 Multivariable and reverse MR analysis

To explore the distinct impacts of each cathepsin on PD, a multivariable MR analysis was conducted. Interestingly, we observed that the causal effects of each metabolite were consistent in direction and magnitude with the unadjusted results using the IVW method (Table 2).

TABLE 2 Results of multivariate Mendelian randomization.
[image: Table2]


Additionally, to examine whether PD has a reverse regulatory effect on cathepsins, a reverse MR analysis was performed. The results suggest a potential decrease in Cathepsin F (CTSF) levels attributable to PD (OR = 0.916, 95% CI: 0.834–0.995, p = 0.038) (Figure 4). To ensure the robustness and reproducibility of this finding, analogous to prior similar studies, we utilized R10 level PD data as the exposure variable and conducted replication analyses and meta-analyses for each cathepsin. The aggregated results, however, did not exhibit statistical significance (p = 0.065). Consequently, we infer that the inverse regulatory effect of PD on CTSF levels may not be reliable (Figure 5).

[image: Figure 4]

FIGURE 4
 The effect of PD on cathepsin. nSNP, number of single nucleotide polymorphism; OR, odds ratios; CI, confidence interval.
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FIGURE 5
 The forest plot of reverse MR meta-analysis results. OR, odds ratios; CI, confidence interval.




3.4 Exploration of regulation mechanism

In order to explore the specific mechanism, we executed a two-sample MR using significant cathepsins as the exposure and alpha-synuclein as the outcome. Results displayed that CTSB could reduce the levels of alpha-synuclein (OR = 0.909, 95%CI: 0.841–0.983, p = 0.017). No statistical significance was observed in the other two types of cathepsins (Table 3).

TABLE 3 The effect of significant cathepsins on alpha-synuclein.
[image: Table3]


To assess the association between alpha-synuclein and PD, a thorough search for genes closely linked with alpha-synuclein was undertaken in the National Center for Biotechnology Information database. The strongest relationship was found between the SNCA gene and PD, prompting our use of SNCA-related eQTL data for a two-sample MR, and a colocalization analysis with PD. The MR results consistently showed that the expression of the SNCA gene could increase the onset of PD (OR = 3.344, 95%CI: 2.465–4.537, p = 8.540E-15) (Supplementary Table S4). The colocalization analysis suggested that alpha-synuclein and PD are driven by the same causal variant within a specific region, demonstrating an inherent genetic linkage (PP.H4.abf =0.972) (Figure 6; Supplementary Table S5). Thus, it can be inferred that by reducing the level of alpha-synuclein, CTSB could potentially attenuate the risk of PD onset. This finding aligns with our previous forward MR analysis results.

[image: Figure 6]

FIGURE 6
 Results of colocalization analysis between the SNCA Gene and PD. Each dot represents a gene, with color indicating the magnitude of the p-value. The square denotes the most significant regulatory gene, rs1372520, which concurrently modulates the expression of both SNCA and PD.





4 Discussion

This study provided compelling evidence for the distinct roles of CTSB, CTSH, and CTSS in the pathogenesis of PD. Through MR analysis, we established a nuanced understanding of how these proteases might influence PD risk, suggesting a protective role for CTSB and identifying cathepsins H and S as potential risk factors. These findings offer a significant advancement in our comprehension of PD’s etiology.

The findings of our study suggest that enhancing CTSB activity could mitigate the progression of PD by promoting the degradation of alpha-synuclein. This observation aligns well with the cellular experiments conducted by Jace Jones-Tabah et al. (2023), which demonstrated that reduced expression of the CTSB gene impairs the degradation of preformed alpha-synuclein fibrils in cell lines. This correlation underscores the potential of CTSB activity modulation as a therapeutic strategy for PD.

The core protein implicated in PD pathogenesis is alpha-synuclein, and strategies aimed at reducing its production, diminishing aggregation, and promoting its degradation are pivotal for therapeutic design. The noteworthy observation that CTSB may mitigate the risk of PD by reducing alpha-synuclein levels underscores the significance of alpha-synuclein clearance as a crucial therapeutic target (Bennett, 2005). On one hand, the most prevalent pathogenic mutations associated with autosomal dominant Parkinson’s disease involved the leucine-rich repeat kinase 2 (LRRK2) gene, with the most prominent being the G2019S mutation. LRRK2 mutations enhance the incorporation of alpha-synuclein into neuronal inclusions. The formation of alpha-synuclein fibril-induced intracellular aggregates necessitates lysosomal function, which, in turn, relies on CTSB activity (Tsujimura et al., 2015). The reduced activity of CTSB induced by the LRRK2 G2019S mutation potentially contributes to the aberrant accumulation of alpha-synuclein within neurons (Hu et al., 2018). Hence, augmentation in both the activity and quantity of CTSB may lead to a reduction in alpha-synuclein aggregation, thereby offering therapeutic potential for PD (Volpicelli-Daley et al., 2016). On the other hand, alpha-synuclein is primarily degraded within lysosomes, wherein CTSB plays a critical role. Studies by McGlinchey and Lee (2015) on purified mouse brain and lysosomal extracts, as well as human tissue proteases, suggest that CTSB directly participates in the initial peptide cleavage of alpha-synuclein during lysosomal degradation and plays a crucial role in truncating the C-terminal of alpha-synuclein (McGlinchey et al., 2019).

Conversely, the association of cathepsins H and S with increased PD risk underscores the complexity of cathepsins’ roles in neurodegeneration. While these enzymes are essential for protein turnover and immune regulation, their dysregulation may contribute to neuronal damage and inflammation, exacerbating PD pathology (Stoka et al., 2016). This dual role of cathepsins highlights the importance of context-specific functions and the delicate balance between their protective and harmful effects in the brain.

The upregulation of CTSH could potentially contribute to neurodegeneration in PD. It is well-established that the accumulation of alpha-synuclein in Lewy bodies is a pathological hallmark of PD, and the abnormal aggregation of alpha-Syn activates microglia, leading to neuroinflammation, which is neurotoxic (Sanchez-Guajardo et al., 2015). PD is a neurodegenerative disease, and lysosomal dysfunction, attributed to the accumulation and spread of neurotoxic protein oligomers, including alpha-synuclein, is common in most neurodegenerative diseases, with CTSH playing a significant role (Boland et al., 2018; Wang et al., 2018). The abnormal accumulation of proteins such as amyloid-beta and alpha-synuclein activates microglia, inducing the activation and release of CTSH and pro-inflammatory cytokines, including interleukin-1β and tumor necrosis factor-alpha, further exacerbating this self-propagating neurotoxicity, leading to neurodegeneration in PD. This aligns with and extends prior research implicating the lysosomal pathway and autophagy processes in neurodegeneration (Senkevich and Gan-Or, 2020).

Studies have revealed the significant involvement of CTSS in diseases such as Alzheimer’s disease, acute brain injury, stroke, diabetes, liver cancer, and inflammation. Through proteomic analysis of cerebrospinal fluid and urine from PD patients, researchers have identified several potential biomarkers associated with PD, among which CTSS levels were significantly increased in the cerebrospinal fluid of carriers of the LRRK2 G2019S mutation. These findings suggest a role for CTSS in the pathogenesis of PD, potentially mediated through enhanced inflammatory responses (Stojkovska et al., 2015; Caggiu et al., 2019). Zhang et al. (2022) explored platelet biomarkers for PD diagnosis by isolating PLTs from whole blood samples of PD patients and healthy controls for RNA sequencing. They identified 2,221 genes with differential transcriptional levels, among which CTSS was associated with PD among the top 12 most relevant genes.

However, our study has limitations that warrant consideration. The reverse MR analysis did not yield significant results, suggesting that the causal direction between cathepsin levels and PD might be complex and influenced by factors not accounted for in our study. Additionally, while MR provides robust evidence for causality under certain assumptions, it is essential to acknowledge the potential for pleiotropy and confounding factors that could affect the interpretation of our results.

Future research should focus on elucidating the mechanistic pathways through which cathepsins influence PD risk and progression. Clinical investigations, including longitudinal studies and randomized controlled trials, are crucial to confirm our findings and explore the therapeutic potential of modulating cathepsin activity. Additionally, investigating the interaction between cathepsins and other key players in PD pathology, such as LRRK2 and glucocerebrosidase, could provide a more comprehensive understanding of the disease mechanism.



5 Conclusion

In summary, this study establishes a causal relationship between cathepsins and PD. Our forward MR analysis indicates that more CTSB associated with less PD risk, while more CTSH and CTSS may associated with increased PD risk. Additionally, we observed that CTSB may mitigate PD development by reducing alpha-synuclein levels. Nevertheless, further clinical investigations are warranted to elucidate the precise association between Cathepsins and PD, uncover the underlying mechanisms, and advance the prevention and treatment of PD.
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