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Despite observational studies suggesting a link between chronic musculoskeletal pain (CMP) and 
increased risk of cognitive decline and dementia, the causal nature of this relationship remains 
uncertain due to potential confounding factors and reverse causality. We employed two-sample 
Mendelian Randomization (TSMR), bidirectional MR, mediation MR, drug-target MR, and 
colocalization analysis, along with gene set enrichment and protein–protein interaction (PPI) 
analyses. TSMR assessed the causal associations between CMP and the risk of dementia and its 
subtypes, including Alzheimer’s disease (AD), vascular dementia (VaD), Lewy body dementia (LBD), 
frontotemporal dementia (FTD), and Parkinson’s disease (PD). Bidirectional MR evaluated reverse 
causality, while mediation analyses identified potential mediators, focusing on neuroimaging and 
cognitive phenotypes. Drug-target MR investigated the role of the SLC39A8 gene, and colocalization 
analysis determined shared causal genetic variants. Gene set enrichment and PPI analyses 
elucidated the biological pathways implicated in the CMP-dementia relationship. Robust evidence 
established a causal relationship between chronic low back pain (LBP) and increased risk of PD, 
with knee osteoarthritis identified as a partial mediator, suggesting a pathway involving chronic 
inflammation. Bidirectional MR analysis revealed no evidence of reverse causality, further supporting 
the unidirectional causal link from LBP to PD. Colocalization analysis confirmed distinct genetic 
architectures for LBP and PD, while drug-target MR implicated the SLC39A8 gene as a potential 
mediator. Gene set enrichment and PPI analyses highlighted critical biological pathways, such as 
purine metabolism and glutamate receptor signaling. Suggestive evidence indicated potential causal 
links between limb pain and overall dementia, myalgia and VaD, as well as potential protective 
effects of Polymyalgia Rheumatica (PMR) against AD and rheumatism against PD. This study reveals a 
complex causal relationship between CMP and neurodegenerative diseases, particularly the robust link 
between LBP and PD. The findings underscore the need for further research to elucidate the underlying 
mechanisms and inform targeted prevention and treatment strategies.
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Dementia, a syndrome characterized by the progressive decline in cognitive function, poses a significant 
challenge to global health and social care systems. Alzheimer’s disease (AD) is the most common cause of 
dementia, accounting for 60–80% of cases1. With the global prevalence of dementia projected to double every 
20 years due to the aging population2,3, there is an urgent need to identify modifiable risk factors and develop 
effective prevention and treatment strategies.

Despite extensive research, the pathophysiological mechanisms underlying dementia are not fully elucidated, 
involving a complex interplay of genetic, environmental, and lifestyle factors4,5. While several well-established 
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risk factors, such as advanced age, genetic predisposition, and vascular conditions, have been identified6, recent 
epidemiological studies have highlighted the potential role of chronic musculoskeletal pain (CMP) in the 
development of cognitive impairment and dementia7–9.

Multiple observational studies have reported associations between CMP and increased risk of cognitive 
decline, hippocampal atrophy, and dementia10,11. For instance, a study utilizing the UK Biobank cohort found 
that CMP was associated with significantly higher dementia risk, broader cognitive impairment, and greater 
hippocampal atrophy compared to those with single-site pain or pain-free individuals11. Furthermore, chronic 
low back pain (LBP) has been specifically linked to impairments in problem-solving, memory, and information 
processing12.

However, the evidence varies across different pain conditions, and the causal nature of these associations 
remains unclear. Observational studies are limited by confounding and reverse causality, challenging the 
establishment of a causal CMP-dementia link. Furthermore, the long-term impact of CMP on cognitive health 
remains elusive, as most studies have been limited by relatively short follow-up periods.

To address these limitations and provide robust evidence for a causal relationship, we employed Mendelian 
randomization (MR), a method that uses single nucleotide polymorphisms (SNPs) as instrumental variables 
(IVs) to mimic the randomization process of controlled trials. By leveraging genetic variants associated with 
CMP from large-scale genome-wide association studies (GWAS), MR minimizes confounding and reverse 
causality, enabling a more accurate estimation of the causal effect of CMP on cognitive decline and dementia 
risk. Clarifying this causal relationship may have significant implications for developing targeted prevention and 
treatment strategies, potentially informing clinical practice and public health policies to reduce the burden of 
dementia.

Methods
Study design and assumptions
We utilized a comprehensive TSMR framework to investigate causal associations between CMP and dementia 
risk, including its subtypes. Additionally, we employed bidirectional MR, mediation MR, drug-target MR, 
colocalization analysis, and gene set enrichment and protein–protein interaction (PPI) analyses to thoroughly 
examine these relationships (Fig. 1).

Bidirectional MR is particularly well-suited for studying CMP and dementia because it assesses both the 
causal impact of CMP on dementia and the reverse causality. This approach minimizes the risk of misleading 
results due to unclear causal direction, which is a common limitation in observational studies, and strengthens 
causal inferences by using separate sets of genetic instruments were used to assess the causal effects in each 
direction, ensuring the independence of the exposure and outcome.

To explore potential mediators, we performed Mediation MR analyses, focusing on neuroimaging and 
cognitive phenotypes, particularly hippocampus-related metrics. This focus is driven by recent literature 
suggesting that the hippocampus mediates the relationship between CMP and neurodegenerative diseases, 
a finding we aimed to validate in our analysis to elucidate the complex pathways through which CMP may 
influence dementia development.

We also conducted Drug-target MR analysis using SNPs associated with specific genes as IVs to investigate 
the role of potential genes in the CMP-dementia pathway and identify possible therapeutic targets. Recent studies 
have suggested that the SLC39A8 gene may mediate the relationship between CMP and neurodegenerative 
changes, prompting us to use drug-target MR to validate this potential mediation.

Colocalization analysis was conducted to evaluate whether CMP and dementia share causal genetic variants, 
thereby mitigating the potential confounding effects of genetic variants having different effects on each trait. 
Additionally, gene set enrichment analysis was performed to identify biological pathways and processes 
implicated in the CMP-dementia relationship, providing insights into the underlying molecular mechanisms. 
PPI analysis was also conducted to further elucidate the complex networks of proteins involved.

The validity of our MR analyses was ensured by rigorously evaluating three key assumptions: relevance 
(selecting genetic IVs strongly associated with CMP), independence (IVs independent of confounders 
influencing both CMP and dementia risk), and exclusion restriction (IVs influencing dementia solely through 
CMP).

All original GWAS included in our MR analyses were approved by the respective institutional review 
boards and ethical committees, with informed consent obtained from all participants. We strictly adhered to 
the Strengthening the Reporting of Observational Studies in Epidemiology Using Mendelian Randomization 
(STROBE-MR) guidelines to ensure the transparency, reproducibility, and overall quality of our MR study 
(Supplementary Table 1).

Data sources and populations
Genetic instrumental variables for CMP
This study utilized CMP data from the FinnGen study, specifically the Finnish R11 database (DF11, released 
June 24, 2024). DF11 is a comprehensive resource that includes 453,733 individuals (254,618 females, 199,115 
males), providing substantial statistical power to investigate the associations between chronic pain conditions 
and dementia and its subtypes. We focused on 20 common chronic pain conditions, including LBP, joint pain, 
limb pain, fibromyalgia, and polyarthrosis, each systematically classified using International Classification of 
Diseases (ICD) codes.

The R11 database offers several advantages for our MR study. First, its large sample size and broad coverage 
of chronic pain conditions enable a thorough examination of the relationships between these exposures and 
the outcomes of interest. Second, the consistent use of ICD codes for classification minimizes the risk of 
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misclassification bias and enhances the reliability of our findings. Finally, regular updates to the database ensure 
the quality and timeliness of the data, strengthening the validity of our results.

Outcome data for dementia with its subtypes
Outcome data for dementia and its subtypes were sourced from various studies, including the UK Biobank for 
overall dementia and vascular dementia (VaD), and specific GWAS meta-analyses for Lewy body dementia 
(LBD), frontotemporal dementia (FTD), AD, and Parkinson’s disease (PD).

For overall dementia and VaD, we extracted data from the UK Biobank using PheCodes 290.1 and 290.16, 
respectively. The UK Biobank provided 956 cases of overall dementia and 189 cases of VaD, with 410,833 

Fig. 1.  The study design of this Mendelian randomization. Two-sample Mendelian randomization study 
design. This schematic illustrates the bidirectional MR framework assessing causal links between CMP 
and dementia subtypes, with arrows showing forward (CMP to dementia) and reverse (dementia to CMP) 
directions. MR assumptions ensure instrument validity: relevance, independence from confounders, 
and exclusion restriction. Mediation MR estimates direct (C') and indirect (A′ × B′) effects via mediators 
like hippocampus metrics (A′: CMP to mediator; B′: mediator to dementia). Additional analyses include 
colocalization using GWAS data and drug-target MR with cis-SNPs. The lower panel details 20 CMP 
conditions, hippocampus metrics, and dementia subtypes.
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controls13. The analysis was performed using SAIGE on 1,400 EHR-derived broad PheWAS codes for 20 million 
imputed variants in 400,000 white British individuals. To minimize potential confounding factors, phenotypes 
in the UK Biobank were weighted by age, age2, sex, age × sex, age2 × sex, principal components (PCs) 1–2014.

Data for LBD were obtained from a GWAS meta-analysis by Chia et al., which included 2591 LBD cases and 
4027 neurologically healthy controls15. For FTD, we utilized data from a genome-wide association study by Van 
Deerlin et al., with a total sample size of 302416.

We got data from a genetic meta-analysis by Brian W. Kunkle et al. to investigate AD. This analysis identified 
new risk loci, highlighting key biological processes, and included data from 21,982 AD cases and 41,944 
controls17. Lastly, for PD, we utilized data from the International PD Genomics Consortium, which included 
33,674 PD cases and 449,056 controls18.

GWAS data sets for candidate mediators
The hippocampus may play a crucial mediating role in the relationship between CMP, particularly knee 
osteoarthritis (OA), and the increased risk of cognitive decline and dementia. Evidence suggests that individuals 
with knee OA experience accelerated brain aging, with the hippocampus being a primary contributor19. 
Moreover, the extent of accelerated brain aging predicts memory impairment and dementia risk in knee OA 
patients. To comprehensively investigate the potential mediating role of the hippocampus in the CMP-dementia 
relationship, we propose leveraging hippocampus-related GWAS data from multiple domains, including 
structural connectome, brain imaging phenotypes, white matter microstructure, and brain morphometry20–23. 
By integrating these diverse datasets, we aim to capture both structural and functional aspects of hippocampal 
involvement in the CMP-dementia pathway. Detailed data can be found in Supplementary Table 2.

Drug target MR is a novel extension of the MR paradigm that uses genetic variants associated with drug 
targets as IVs to infer the causal effects of these targets on disease outcomes .Previous research has shown that 
the SLC39A8 gene may mediate the relationship between knee OA and dementia19. To investigate whether this 
gene also mediates the association between other types of CMP and dementia, we plan to conduct a drug target 
MR study. We will select functional SNPs within or near the SLC39A8 gene as IVs. We will use GWAS data to 
assess the causal relationship between these SNPs and various types of CMP, such as chronic LBP and chronic 
neck pain, as well as the risk of dementia.

Statistical analysis
To ensure the robustness and reliability of our findings, we employed five complementary MR methods, each 
with its unique strengths in addressing different types of biases and violations of MR assumptions. First, the 
inverse variance weighted (IVW) method was used, as it provides efficient estimates under the assumption of 
no horizontal pleiotropy, making it ideal when all instruments are valid24. Next, to address the presence of 
outliers and potentially invalid instruments, we applied the contamination mixture (ConMix) method, which 
is robust to such violations of MR assumptions25. Additionally, we employed the robust adjusted profile score 
(RAPS) method to correct for weak instruments and account for both systematic and idiosyncratic pleiotropy, 
ensuring reliability in scenarios with pleiotropic effects26. To balance precision and robustness, particularly 
in heterogeneous datasets, the diversity-weighted IVW (DIVW) method was utilized, giving more weight 
to homogeneous causal effect estimates27. Finally, the constrained maximum likelihood (cML) method was 
applied to provide unbiased estimates even in the presence of systematic and idiosyncratic pleiotropy, further 
safeguarding against pleiotropic bias28.

The selection of genetic instruments was governed by stringent criteria to ensure the robustness of our 
analyses. SNPs were initially required to surpass a genome-wide significance threshold of P < 5 × 10−8 for the 
exposure of interest, ensuring that only the most strongly associated variants were included as instruments. 
Result categorization depended on the strength of the genetic instruments, with findings being considered 
robust causal evidence if at least 4 out of 5 MR methods yielded P < 0.05 using the SNPs meeting the P < 5 × 10−8 
threshold. Such stringent criteria were necessary to ensure that the detected associations were not due to chance 
or weak instruments. Only these robust findings were subjected to a comprehensive series of follow-up analyses 
to deeply explore the underlying mechanisms.

In instances where fewer than 10 SNPs met the P < 5 × 10−8 threshold, the significance cut-off was relaxed 
to P < 1 × 10−5 to enhance the strength of the genetic instruments. This relaxation allowed for the inclusion of 
additional, albeit slightly weaker, instruments to maintain analytic power. If at this relaxed threshold, a minimum 
of 4 out of 5 MR methods still attained significance, the results were regarded as suggestive of a potential causal 
effect, though such findings were treated with greater caution and did not undergo the extensive follow-up 
analyses conducted for more robust associations.

Analyses lacking at least 10 SNPs at the 1 × 10−5 threshold were deemed underpowered and consequently 
excluded from the study. All retained results were reported as odds ratios (ORs) with accompanying 95% 
confidence intervals (CIs), providing a clear measure of the strength and precision of the observed associations. 
This approach balanced the need for strong instruments with the desire to explore multiple methodologies, 
ultimately enabling a thorough investigation of robust causal findings.

Bidirectional MR
To comprehensively assess the causal relationship between CMP and dementia, we employed bidirectional MR. 
This method allows us to evaluate the causal effects in both directions—specifically, from CMP to dementia and 
from dementia to CMP. First, we identified genetic IVs associated with CMP using GWAS data, which were then 
used to estimate the causal effect of CMP on dementia. Next, we selected a separate set of genetic IVs associated 
with dementia to evaluate its causal effect on CMP. Importantly, these dementia-associated IVs were chosen 
to be independent of those used in the CMP analysis. This methodological separation ensures that each causal 
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pathway is evaluated independently, minimizing potential biases from reverse causation and allowing for a more 
precise assessment of the direction and magnitude of the causal effects.

Mediation MR
To explore how CMP influences dementia, including its subtypes, through potential mediating factors, we 
utilized Two-step MR. In the first step, we used genetic IVs associated with CMP to estimate its effect on 
potential mediators, yielding coefficient a. In the second step, we employed different genetic IVs, independent 
from those used initially, to estimate the mediator’s effect on dementia, resulting in coefficient b. The indirect 
effect of CMP on dementia through the mediator was calculated by multiplying these two coefficients (a × b). 
The total effect of CMP on dementia was then determined using a standard MR approach, and the direct effect 
was derived by subtracting the indirect effect from the total effect. This approach overcomes challenges such 
as confounding and measurement error present in traditional mediation analysis, ensuring more accurate and 
reliable estimates. Additionally, by using different IVs in each step, we avoid overlap and potential bias, which is 
crucial for the validity of our results29.

Colocalization analysis
To explore whether the genetic variants associated with CMP also contribute to the risk of dementia and its 
subtypes, we conducted colocalization analysis. This analysis is crucial for determining whether the observed 
associations between CMP and dementia are driven by the same causal variant within a given genomic region, 
thereby reducing the likelihood that the associations are confounded by linkage disequilibrium or nearby genetic 
variants. We performed this analysis using approximate Bayes factor colocalization, implemented in the ‘coloc’ 
R package with default settings. This method calculates posterior probabilities for five possible hypotheses: H0 
(no causal variants for either trait), H1 (a causal variant only for CMP), H2 (a causal variant only for dementia), 
H3 (distinct causal variants for both traits), and H4 (a shared causal variant for both traits). In the colocalization 
analysis, the lead SNP was selected as the variant with the smallest combined P-value across the two GWAS 
datasets (calculated as the sum of the P-values for the SNP in each dataset), a standard approach in the coloc 
package to anchor the comparison of genetic signals between traits. Summary statistics from our GWAS on CMP 
and publicly available GWAS data on dementia and its subtypes were utilized. A posterior probability for H4 (PP.
H4) of at least 50% was considered indicative of possible colocalization, while a PP.H4 of at least 80% suggested a 
high likelihood of colocalization, confirming the presence of shared causal variants between CMP and dementia.

Drug-target MR
To explore the potential mediating role of the SLC39A8 gene in the relationship between CMP and dementia, 
including its subtypes, we conducted a Drug Target MR analysis. This analysis is crucial for understanding 
whether genetic variations in SLC39A8 could causally influence dementia risk through their impact on CMP. 
The Drug Target MR approach utilizes SNPs associated with a specific gene as IVs to infer the causal impact of 
that gene on disease risk. For our analysis, we focused on SNPs related to the SLC39A8 gene, applying stringent 
criteria to ensure the specificity and relevance of the selected IVs. We set a linkage disequilibrium (LD) threshold 
of r2 < 0.001 to avoid confounding from closely linked variants, a gene region window of 10,000 kb to capture 
relevant regulatory regions, and a minor effect allele frequency (EAF) threshold of 0.01 to ensure sufficient 
statistical power. By applying these criteria, we identified the appropriate SLC39A8-associated SNPs to be used 
as IVs, which will allow us to assess whether variations in this gene contribute to the causal pathway linking 
CMP to dementia.

Gene set enrichment PPI analysis
To elucidate the biological processes and pathways associated with the CMP and dementia-related genes 
identified from our MR analysis, we performed gene set enrichment analysis using the Metascape platform 
(https://metascape.org/). The analysis integrated gene sets derived from the robust evidence and suggestive 
evidence across multiple knowledgebases, including Gene Ontology (GO), Kyoto Encyclopedia of Genes and 
Genomes (KEGG), and Reactome. The Benjamini–Hochberg procedure was applied for false discovery rate 
(FDR) correction, with enriched terms considered significant at a q-value threshold of 0.05. Visualization 
of the results was achieved through bar plots highlighting the top enriched terms ranked by their − log10(q-
values), as well as network diagrams depicting the relationships and gene overlaps among the enriched terms. 
This approach aimed to uncover potential mechanistic links between CMP and neurodegenerative outcomes, 
informing therapeutic target identification.

To investigate the molecular mechanisms underlying CMP and dementia, we constructed PPI networks using 
data from STRING, BioGrid, OmniPath, and InWeb_IM databases. Only high-confidence physical interactions 
(score > 0.132) from STRING and all physical interactions from BioGrid were included. The resulting subnetwork 
consisted of proteins encoded by the genes of interest and their direct physical interaction partners. We applied 
the Molecular Complex Detection (MCODE) algorithm to identify highly interconnected network components, 
representing protein complexes or signaling pathways with coordinated functions. Networks containing 
between 3 and 500 proteins were analyzed to ensure biological relevance while avoiding overly fragmented 
or large networks. To interpret the biological functions of the identified network components, we performed 
pathway and process enrichment analysis on each MCODE component. The three most significant functional 
terms based on P-values were selected as the functional annotation for each component.

Sensitivity analysis
To comprehensively evaluate the reliability and robustness of the MR study results, we conducted a series of 
sensitivity analyses.

Scientific Reports |        (2025) 15:13211 5| https://doi.org/10.1038/s41598-025-97428-y

www.nature.com/scientificreports/

https://metascape.org/
http://www.nature.com/scientificreports


First, we performed a pleiotropy test to assess whether the selected genetic IVs exhibited pleiotropic effects, 
ensuring that the key assumptions of the MR method were met. Specifically, we employed the MR-Egger 
regression, focusing on the Egger intercept to detect directional pleiotropy. A non-zero Egger intercept indicates 
the presence of pleiotropy, suggesting that some genetic variants may influence the outcome through pathways 
other than the exposure, potentially biasing the causal estimates30. Additionally, we used the MR-PRESSO 
(Mendelian Randomization Pleiotropy RESidual Sum and Outlier) analysis, which helped identify and remove 
any outlier genetic variants that could introduce bias into the causal effect estimates due to pleiotropic effects31.

Next, we assessed the consistency of the IVs using two methods: the MR-Egger regression and the IVW 
approach. These heterogeneity tests were used to detect any significant differences among the causal effect 
estimates derived from the individual genetic variants32.

To evaluate the strength and validity of the IV-exposure association, we calculated the F-statistic, statistical 
power, and R2. The F-statistic, given by (beta /SE)2, where beta is the effect estimate and SE is its standard error, 
indicates strong IVs when values exceed 1033. R2 was calculated with the formula [2 × EAF × (1 − EAF) × beta2]/
(SE2 × N), where N is the sample size. Higher R2 values suggest the instruments strongly explain the exposure 
variability, crucial for reliable causal estimates34. Statistical power was assessed using an online tool ​(​​​h​t​t​p​s​:​/​/​s​b​4​
5​2​.​s​h​i​n​y​a​p​p​s​.​i​o​/​p​o​w​e​r​/​​​​​)​, which evaluates the study’s ability to detect causal effects based on sample size, effect 
size, and significance level35.

Furthermore, we employed the MR Steiger test to verify the directionality of the causal relationship between 
the IVs, the exposure, and the outcome, ensuring that the assumed causal pathway was correctly specified. This 
test can detect whether the correlation between the SNPs and the outcome is greater than the correlation with 
the exposure. SNPs that fail this test may be unrelated to the exposure and should be filtered out before the 
analysis36.

To improve the specificity of IVs in our MR analysis, we systematically excluded genetic variants associated 
with potential confounders, as identified through the GWAS Catalog. We conducted an extensive literature 
review to assess the associations between body mass index, smoking behavior, blood pressure, lipid levels, and 
related biomarkers with dementia and cognitive decline. SNPs that exhibited associations with these confounders 
were classified as confounding SNPs and subsequently removed from the final IV set (Listed in Supplementary 
Table 3).

Finally, various sensitivity analysis plots, including Leave-one-out, scatter plots, and funnel plots, were 
generated to visually assess the influence of individual genetic variants on the results. These plots are crucial for 
evaluating the consistency of causal effect estimates and identifying potential publication bias.

All analyses were conducted using the TwoSampleMR (version 0.6.6), MendelianRandomization (version 
0.10.0), coloc (version 5.2.3), and MRPRESSO (version 1.0) packages in R Software (version 4.4.1).

Results
Robust evidence for the association between CMP and dementia with its subtypes
Our study provides robust evidence of a potential causal association between chronic LBP and an increased risk 
of PD, as demonstrated consistently across five MR methods (Fig. 2). The IVW method revealed a significant 
association [IVW: OR 1.329; 95% CI 1.007–1.752; p = 0.044], which was further supported by the ConMix 
approach [ConMix: OR 1.566; 95% CI 1.190–2.062; p = 0.009]. Consistent findings were also observed using the 
RAPS method [RAPS: OR 1.423; 95% CI 1.110–1.825; p = 0.005], the DIVW method [DIVW: OR 1.339; 95% 
CI 1.015–1.766; p = 0.039], and the cML method [cML: OR 1.390; 95% CI 1.049–1.841; p = 0.022], detailed in 
Supplementary Table 4.

Comprehensive sensitivity analyses strongly support the integrity and reliability of these findings. The 
F-statistic of 39.924 indicates robust IVs, and with 100% power and an R2 of 0.016, our study was well-powered 
to detect causal effects. Heterogeneity tests showed no significant heterogeneity among instruments [MR Egger 
Q = 0.657, p = 0.092; IVW Q = 18.498, p = 0.101], and the MR-Egger intercept of -0.026 [p = 0.465] suggests no 
pleiotropy. MR-PRESSO detected no outliers [p = 0.090], and the Steiger test affirmed the directional validity. 
Supplementary sensitivity analyses, including leave-one-out, funnel plots, and scatter plots, further corroborated 
the primary findings, showing no major issues that would undermine the reliability of the observed causal 
relationship between chronic LBP and PD risk (Supplementary Fig. 1).

Suggestive evidence for the association between CMP and dementia with its subtypes
Our analysis found suggestive evidence of causal links between limb pain and overall dementia, myalgia and 
VaD, polymyalgia rheumatica (PMR) and AD, and rheumatism and PD. All five MR methods showed a positive 
association between limb pain and overall dementia [ORs ranging from 1.390 to 1.491; all p-values < 0.05], and 
between myalgia and VaD [ORs ranging from 2.067 to 3.475; all p-values < 0.05], with the ConMix method 
indicating the strongest link for the latter [ConMix: OR 3.475; 95% CI 1.378–8.764; p = 0.007]. Sensitivity 
analyses confirmed the reliability of these results, with no significant heterogeneity or pleiotropy detected.

In contrast, our analysis suggested a potential protective effect of PMR against AD, as four MR methods 
indicated an inverse association [ORs around 0.93; all p-values < 0.05]. Similarly, all four MR methods indicated 
an inverse association between rheumatism and PD [ORs ranging from 0.895 to 0.925; all p-values < 0.05], 
suggesting a potential protective effect. Sensitivity analyses revealed no major issues, supporting the robustness 
of these results. These findings are detailed in Supplementary Table 5, and Supplementary Figs. 2–5, including 
leave-one-out, scatter, and funnel plots, further demonstrate the stability and reliability of our findings.

Bidirectional MR analysis results
Our reverse MR analysis revealed no evidence of a causal effect of PD on LBP, nor for other pain-dementia 
pairs (Fig. 3). For PD and LBP, all MR methods failed to show a significant causal effect in the reverse direction 
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[IVW: OR 0.987; 95% CI 0.960–1.014; p = 0.339; ConMix: OR 0.946; 95% CI 0.904–0.990; p = 0.069; RAPS: OR 
0.981; 95% CI 0.952–1.010; p = 0.195; cML: OR 0.986; 95% CI 0.961–1.011; p = 0.273]. Similarly, reverse analyses 
for limb pain and overall dementia, myalgia and VaD, PMR and AD, and rheumatism and PD also failed to 
demonstrate significant causal relationships. Sensitivity analyses further confirmed these findings, with no 
significant pleiotropy [MR-Egger intercept = 0.006; p = 0.236] and no heterogeneity [IVW Q = 29.107; p = 0.111], 
reinforcing the validity of the initial causal direction observed in our primary analyses.

Mediation MR analysis results
We examined multiple hippocampus-related GWAS datasets across various domains, including structural 
connectome, brain imaging phenotypes, white matter microstructure, and brain morphometry. However, no 
evidence was found to support hippocampal mediation of the observed causal effect.

Subsequent mediation analysis identified knee OA as a potential mediator in the relationship between chronic 
LBP and PD. Specifically, the analysis revealed a significant indirect effect through knee OA [Indirect effect: 
OR 1.128; 95% CI 1.007–1.264; p = 0.034], accounting for approximately 42% of the total effect. Although the 

Fig. 2.  Robust evidence from bidirectional MR between CMP and dementia with its subtypes. Forest plot 
shows causal effects of CMP on dementia subtypes using five MR methods: IVW, ConMix, RAPS, DIVW, 
and cML. ORs with 95% CIs are plotted, with P-values indicating significance. Methods are color-coded, and 
significance thresholds and N SNPs are listed.
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direct effect was not significant [Direct effect: OR 1.178; 95% CI 0.873–1.589; p > 0.05], the total effect estimate 
remained positive [Total effect: OR 1.329; 95% CI 1.007–1.752; p = 0.044]. A detailed description is provided in 
Supplementary Table 6.

Colocalization analysis results
Colocalization analysis was conducted to examine the potential shared genetic architecture between chronic 
LBP and PD, utilizing GWAS data (Supplementary Table 7). The analysis, spanning 1,350 SNPs, revealed a high 
posterior probability for the presence of genetic variants associated with LBP in the tested region [PP.H1 = 0.96]. 
Conversely, the probabilities for variants associated solely with PD [PP.H2 = 1.56 × 10−14] or distinct variants 
affecting both traits [PP.H3 = 0.024] were negligible. Crucially, the posterior probability for shared causal 
variants between LBP and PD [PP.H4 = 0.011] was very low, indicating a lack of common genetic determinants 
in this region for the two conditions. This finding suggests that the observed association between LBP and PD 
in MR analyses is likely driven by a direct causal effect of LBP on PD, rather than being influenced by horizontal 
pleiotropy. The locuscomparer plot (Fig. 4) visualizes the association signals of SNPs in the region for both LBP 

Fig. 3.  Suggestive evidence from bidirectional MR for CMP and dementia subtypes. Forest plot shows reverse 
causal effects of dementia subtypes on chronic musculoskeletal pain using five MR methods: IVW, ConMix, 
RAPS, DIVW, and cML. ORs with 95% CIs are plotted, with P-values indicating significance. Methods are 
color-coded, with significance thresholds and N SNPs listed.
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and PD, with −log10(P) values on the y-axis and LD (r2) with rs2523656 indicated by color. rs2523656, selected 
as the lead SNP due to its smallest combined P-value across the two GWAS datasets, shows a stronger association 
with LBP than with PD. This visualization aligns with the colocalization analysis result, which indicates distinct 
genetic architectures for LBP and PD, as evidenced by the low posterior probability for shared causal variants 
[PP.H4 = 0.011]37.

Drug target MR analysis results
Under the relaxed thresholds required to identify relevant SNPs for the SLC39A8 gene, our Drug Target MR 
analysis suggested a potential association between this gene and the outcomes under investigation, with odds 
ratios around 2.0. The CIs were generally supportive of a positive effect, although some intervals approached 

Fig. 4.  Colocalization analysis of chronic LBP and Parkinson’s disease. Regional association plots showing SNP 
association signals for LBP (left) and PD (right) on chromosome 6. The y-axis represents − log10(P) values, 
with rs2523656 marked as the lead SNP. Colors indicate LD (r2) with rs2523656, ranging from high to low 
linkage disequilibrium. Plots reveal distinct genetic architectures, supporting the colocalization result of low 
shared causal variant probability.
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non-significance. While these findings provide an initial indication of a possible role for SLC39A8, the results 
should be interpreted cautiously due to the expanded criteria used. This exploratory analysis highlights a 
potential direction for future research to further investigate the gene’s involvement in the relationship between 
CMP and dementia.

To further illustrate the genetic architecture related to SLC39A8, Fig. 5 presents a fine-mapped scatter plot 
showcasing the reference SNP cluster ID (rsID) distribution of relevant SNPs within the genomic region of 
interest. This plot highlights the specific locations and significance levels of these SNPs, providing a visual 
representation of their potential involvement in the CMP—dementia relationship.

Gene set enrichment PPI analysis
The gene set enrichment and PPI analyses reveal significant pathways and protein interactions that may 
play critical roles in CMP and dementia. Figure 6A highlights the purine nucleoside metabolic process (GO: 
0042278) as the most significantly enriched pathway, indicating its critical role in essential cellular functions 
such as DNA/RNA synthesis, energy transfer, and cell signalling. The enrichment of developmental pathways, 
including “positive regulation of developmental growth” and “cell morphogenesis,” underscores the gene set’s 
involvement in cellular growth and differentiation. Additionally, the glutamate receptor signalling pathway is 
notably enriched, suggesting its importance in neurotransmission, which is crucial for neurological disorders.

Figure  6B and C visualize a network of functionally related pathways, with nodes coloured by p-value 
significance. This network emphasizes key processes such as purine metabolism and glutamate signalling, which 
are relevant to CMP and dementia. These figures illustrate the interconnections between enriched terms, offering 
insights into potential molecular mechanisms underlying these conditions. Figure 6D shows the PPI network 
identified using the Molecular Complex Detection (MCODE) algorithm, highlighting significant clusters 
of protein interactions. Each node represents a protein involved in closely connected complexes, suggesting 

Fig. 5.  Association analysis of SNPs in the SLC39A8 gene region. Scatter plot showing SNP association signals 
within the SLC39A8 gene region on chromosome 4. The y-axis displays − log10(P) values, with rs1270 marked 
as the lead SNP. Colors indicate LD (r2) with rs1270, ranging from high to low linkage disequilibrium. Axes 
represent genomic positions and association strengths.
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intricate interactions within biological processes such as “regulation of developmental growth” and “positive 
regulation of de-phosphorylation.” This network reveals the complex interplay among proteins related to CMP 
and dementia, identifying potential molecular complexes crucial for understanding disease pathology.

Discussion
Our study provides robust evidence for a causal association between chronic LBP and an increased risk of PD, 
consistently supported by multiple MR methods and corroborated by comprehensive sensitivity analyses. The 
unidirectional nature of this association, demonstrated by the lack of reverse causality in the bidirectional MR 
analysis, suggests that LBP may be a novel risk factor for PD, with important implications for understanding the 
etiology of this neurodegenerative disorder.

Epidemiological studies have consistently demonstrated an increased risk of PD in patients with OA. A 
recent meta-analysis found that individuals with OA had a 41% higher risk of developing PD compared to 
those without OA38. This association may be partly explained by the high prevalence of chronic LBP among 
patients with knee OA, which ranges from 54.6 to 58.1%39. The interaction between LBP and knee pain can 
exacerbate disabling effects, leading to impaired mobility and muscle strength, which are characteristic features 
of PD40,41. The increased risk of PD in patients with OA and LBP may be mediated by chronic inflammation and 
oxidative stress. Inflammatory mediators, such as IL-1β, IL-6, and TNF-α, play a crucial role in the progression 
of both LBP and knee OA, exacerbating local inflammation and potentially triggering neuroinflammation42,43. 
This sustained inflammatory state can damage cerebral vasculature and provoke glial-mediated responses, 
including increased expression of pro-inflammatory substances44,45. Peripheral inflammation may also activate 
microglia and astrocytes in the brain, particularly affecting midbrain dopaminergic neurons, which are highly 
sensitive to inflammatory stimuli. This cascade of events can lead to neurodegeneration and the development of 
the characteristic motor symptoms of PD38,46–48.Furthermore, degenerative joint disease, such as knee OA, can 

Fig. 6.  Analysis of gene enrichment and protein–protein interactions. Multi-panel visualization of pathways 
linking pain and dementia. (A) Bar graph depicts enriched terms colored by P-values. (B) Network displays 
enriched terms clustered by similarity using cluster IDs. (C) Network highlights term significance with P-
value-based coloring. (D) Overall PPI network (left) and a key MCODE component (right) reveal interactions 
involving HLA-DPB1 and COL6A5, indicating shared inflammatory mechanisms.
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induce persistent oxidative stress, increasing the production of reactive oxygen species (ROS). Excessive ROS 
can damage neural cells, particularly impacting mitochondrial function. Chronic pain-induced oxidative stress 
and mitochondrial damage provide a potential molecular mechanism for PD’s neurodegenerative processes49–52. 
Addressing both LBP and knee OA could therefore offer a pathway to reducing PD risk.

Drug target MR analysis identified the SLC39A8 gene as a potential mediator of the LBP-PD relationship, 
providing a novel avenue for investigating the biological mechanisms underlying this association. SLC39A8 gene 
may mediate the progression from chronic LBP to PD through multiple mechanisms. This gene is involved in 
regulating inflammatory responses and ion balance, affecting neural system functions. Persistent pain stimuli 
may alter SLC39A8 expression, triggering cascade reactions including glial cell dysfunction, changes in synaptic 
plasticity, and structural alterations in specific brain regions. These factors collectively accelerate brain aging, 
increasing the risk of PD. Notably, the expression pattern of SLC39A8 in subcortical regions is closely related to 
brain aging, potentially explaining the characteristic pathological changes in PD19.

Gene set enrichment and PPI analyses identified pathways linking LBP and PD, including purine metabolism, 
glutamate receptor signaling, and developmental processes. Purine metabolism may increase oxidative stress, 
promoting dopaminergic neuron loss in PD51, while glutamate signaling disruptions may impair synaptic 
plasticity, contributing to cognitive decline in dementia53. The PPI network (Fig.  6D) highlights protein 
complexes like HLA-DPB1 and COL6A5, suggesting shared inflammatory mechanisms that may exacerbate 
neuro-inflammation in the brain. Our MR analysis supports a causal effect of musculoskeletal pain on PD 
(Fig.  2), with no reverse causality (Fig.  3), indicating a unidirectional relationship. However, these shared 
pathways likely mediate this effect by amplifying pain-induced neurodegeneration in the brain, enhancing 
dementia risk. Further studies are needed to clarify these mechanisms.

Beyond the robust evidence for the LBP-PD relationship, our study also provides suggestive evidence for 
associations between various chronic pain conditions and dementia subtypes. These findings underscore the 
broader implications of our research for understanding the complex connections between chronic pain and 
neurodegenerative disorders.

Chronic pain, particularly in the extremities, has been linked to altered cognitive function and an increased 
risk of dementia9,53,54. Neuroimaging studies have demonstrated that persistent peripheral neuropathic pain can 
lead to neuroanatomical and functional reorganization in the central nervous system, including reduced gray 
matter volume and disrupted connectivity in brain regions critical for cognition, such as the prefrontal cortex 
and hippocampus55,56. These changes may contribute to the observed cognitive decline and the development 
of dementia. The underlying mechanisms may involve neuro-inflammation, alterations in neurotransmitter 
systems, and impairment of synaptic plasticity, all of which affect both pain processing and cognitive function57.

The serotonergic and cholinergic systems have emerged as potential therapeutic targets for the management 
of chronic pain and cognitive disorders. The serotonergic system, which regulates pain, sleep–wake cycles, 
and emotional responses, is frequently disrupted in patients with chronic pain and may be associated with 
dementia58. Similarly, the cholinergic system, known for its effects on cognitive function, has been found to 
modulate pain59,60. Investigating these neurotransmitter systems may provide insights into the development of 
comprehensive therapeutic approaches addressing the comorbidity of chronic limb pain and cognitive decline.

Our finding that myalgia may contribute to an increased risk of VaD is consistent with the vascular hypothesis 
of cognitive decline, emphasizing the role of chronic inflammation in cerebrovascular disease61. The association 
between myalgia and statin use, a common preventive treatment for ischemic events, suggests a potential indirect 
link62–64. Furthermore, the overlapping impact of myalgia and COVID-19-related neurological complications 
highlights the need for further exploration into their combined effects on vascular health65,66.

Our reverse MR analysis (Fig.  3) supports the unidirectional nature of these associations, showing no 
robust or suggestive evidence of reverse causality, which aligns with literature suggesting chronic pain more 
commonly contributes to cognitive decline than vice versa9. However, some methods showed significant or near-
significant results for certain comparisons, such as overall dementia with limb pain and AD with polymyalgia. 
These inconsistencies likely reflect method-specific sensitivities to biases like horizontal pleiotropy, with IVW 
being more prone to detecting associations compared to the more robust ConMix and cML methods. While 
these findings hint at potential bidirectional effects, possibly due to dementia-related changes in pain perception 
or shared inflammatory pathways67, their inconsistency suggests they are more likely statistical noise. Future 
studies with larger samples and stronger genetic instruments are needed to explore these potential effects.

The negative correlations observed between PMR and AD, as well as between rheumatic diseases and PD, 
are particularly intriguing. We hypothesize that the suggestive protective effect of PMR against AD may be 
linked to the anti-inflammatory effects of immunosuppressive therapies, such as corticosteroids, commonly 
used in PMR management. Chronic neuroinflammation is a key driver of AD pathology, promoting amyloid-
beta accumulation and tau hyperphosphorylation67. By reducing systemic inflammation, these treatments 
might mitigate neuroinflammatory processes in the brain, potentially lowering AD risk. Indirect support for 
this hypothesis comes from studies on related conditions, such as Rheumatoid Arthritis (RA), where TNF-α 
inhibitors, also used in PMR, have been associated with a reduced AD risk68. However, direct evidence linking 
PMR or its treatments to AD risk reduction remains limited, and this potential mechanism requires further 
investigation. In contrast, the protective effect of rheumatism against PD is more strongly supported by evidence. 
Treatments for RA, such as disease-modifying antirheumatic drugs (DMARDs) and biologics like TNF-α 
inhibitors, likely reduce neuroinflammation—a key contributor to PD pathogenesis. Neuroinflammation, 
driven by cytokines like TNF-α, activates microglia and promotes dopaminergic neuron degeneration in PD69. 
By suppressing TNF-α and other pro-inflammatory pathways, RA treatments are associated with a reduced PD 
risk, as evidenced by MR studies and case–control studies showing that specific DMARDs, such as chloroquine/
hydroxychloroquine, lower PD risk through modulation of inflammatory pathways70,71. Nevertheless, the 
relationship between rheumatic diseases and PD risk remains complex, with inconsistent findings across 
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studies72,73. These discrepancies highlight the need for further research to elucidate the precise nature of these 
associations and the potential role of gender and other factors in modulating the relationship between rheumatic 
diseases and PD risk.

The link between rheumatic diseases, such as RA, and neurodegenerative conditions, including AD and 
PD, is rooted in chronic systemic inflammation and immune system dysfunction74,75. Persistent inflammation 
in RA can lead to cerebrovascular damage, reducing cerebral blood flow and increasing the risk of VaD76. 
The pathological similarities between RA and neurodegenerative diseases involve inflammatory markers like 
interleukin-6 and amyloid-related proteins, which contribute to neurodegeneration and cognitive decline67. In 
AD, for instance, IL-6 and TNF-α exacerbate amyloid-beta aggregation and tau pathology, while in PD, they 
contribute to microglial activation and dopaminergic neuron loss69. These shared inflammatory pathways suggest 
that systemic inflammation in rheumatic diseases may exacerbate neurodegenerative processes, highlighting 
the potential for anti-inflammatory therapies to mitigate such risks. However, the precise mechanisms linking 
rheumatic diseases and neurodegenerative disorders remain unclear, particularly for conditions like PMR and 
AD, where direct evidence of therapeutic impact is lacking. Further research is needed to fully understand the 
multiple pathways involved and to develop improved therapeutic strategies for both RA and neurodegenerative 
diseases.

In summary, our study highlights the complex associations between CMP conditions and dementia. The 
findings suggest causal relationships between chronic LBP and PD, as well as potential associations between limb 
pain, myalgia, polymyalgia, rheumatism, and various types of dementia. However, further research is needed 
to confirm these relationships and elucidate the underlying mechanisms. Given the high prevalence of both 
chronic pain and neurodegenerative disorders, our results have significant public health implications. Identifying 
chronic pain as a potentially modifiable risk factor for dementia underscores the importance of effective 
pain management strategies. Future research should focus on further elucidating the biological mechanisms, 
identifying novel therapeutic targets, and exploring lifestyle interventions to reduce the risk of both chronic 
pain and dementia. A better understanding of the link between chronic pain and neurodegenerative disorders 
can ultimately improve patient outcomes and reduce the overall burden of these conditions on individuals and 
society.

Conclusion
This study sheds new light on the complex relationship between CMP and dementia, providing robust evidence 
for a causal link and identifying potential biological pathways and mediators. These findings suggest that chronic 
pain may play a more significant role in the development of dementia than previously recognized, highlighting 
the importance of a holistic approach to understanding and managing these conditions.

Limitations
First, the primarily European study population may limit the generalizability of our findings; future research 
should include more diverse populations. Second, despite rigorous sensitivity analyses, unmeasured confounders 
like lifestyle factors or comorbidities may still affect causal estimates. Third, variability in dementia diagnosis 
across studies may impact comparability, highlighting the need for standardized diagnostic criteria. Fourth, 
reliance on self-reported pain measures could introduce bias; objective measures are recommended for future 
research. Fifth, while associations between chronic pain and dementia were observed, the exact biological 
mechanisms remain unclear, necessitating further experimental studies. Sixth, survival bias might underestimate 
associations due to early mortality in older populations. Lastly, our MR analysis focused on genetic variants 
linked to pain and dementia, which may not fully capture the genetic risks involved; comprehensive genetic risk 
scores or family-based studies are needed in future research.

Data availability
All data used in this study were obtained from IEU Open GWAS (https://gwas.mrcieu.ac.uk/).
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