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Abstract 
In this study, we used the Mendelian randomization (MR) method to systematically examine whether there is a bidirectional 
causal relationship between amyotrophic lateral sclerosis (ALS) and Alzheimer’s disease (AD), Parkinson’s disease (PD), 
frontotemporal dementia (FTD), multiple system atrophy (MSA), and dementia with Lewy bodies (DLB). We analyzed data from 
6,44,924 participants using MR to evaluate causality. We employed inverse variance weighted and MR-Egger regression tests for 
MR analysis. Additionally, we performed sensitivity analyses using the MR-Egger test and Mendelian Randomization Pleiotropy 
RESidual Sum and Outlier. The inverse variance weighted analysis found no evidence of a risk effect between ALS and the 
neurodegenerative diseases AD, PD, FTD, MSA, and DLB. However, the MR-Egger analysis showed that both AD (odds ratio: 
1.079, 95% confidence interval: 1.017–1.145, P = .029) and PD (odds ratio: 1.210, 95% confidence interval: 1.046–1.401, 
P = .020) have a risk effect on ALS, indicating that AD and PD increase the risk of ALS. Our MR analysis suggests that AD and PD 
may have a potential causal relationship with ALS. Conversely, ALS does not appear to have a causal relationship with the other 
neurodegenerative diseases examined (FTD, MSA, DLB).

Abbreviations: AD = Alzheimer’s disease, ALS = amyotrophic lateral sclerosis, DLB = dementia with Lewy bodies, FTD = 
frontotemporal dementia, GWAS = genome-wide association study, IVW = inverse variance weighted, KANSL1 = KAT8 regulatory 
non-specific lethal complex subunit 1, MR = Mendelian randomization, MSA = multiple system atrophy, OR = odds ratio, PD = 
Parkinson’s disease, SNPs = single nucleotide polymorphisms, TDP-43 = TAR-DNA binding protein of 43 kDa.

Keywords: Alzheimer’s disease, amyotrophic lateral sclerosis, dementia with Lewy bodies, frontotemporal dementia, Mendelian 
randomization study, multiple system atrophy, Parkinson’s disease

1. Introduction
Amyotrophic lateral sclerosis (ALS) is a prevalent neurode-
generative disease marked by the progressive degeneration of 
motor neurons, ultimately leading to respiratory failure and 
death.[1,2] Currently, there is no specific treatment for ALS, and 
the prognosis remains poor, with a typical survival time ranging 
from 2 to 5 years.[3] This disease imposes a significant burden 
on patients and healthcare systems worldwide. Recent research 
has revealed that ALS-related damage extends beyond upper 
and lower motor neurons, also affecting other systems such 

as the extrapyramidal system, autonomic nervous system, and 
cerebellum. These findings indicate that ALS may share com-
mon pathological features with other neurodegenerative dis-
eases, including Alzheimer’s disease (AD), Parkinson’s disease 
(PD), frontotemporal dementia (FTD), multiple system atrophy 
(MSA), and Lewy body dementia.[4,5]

ALS shares symptomatic, genetic, pathological, and patho-
genic similarities with AD, PD, FTD, MSA, and dementia with 
Lewy bodies (DLB). Misfolded proteins in the central nervous 
system can induce oxidative stress, leading to mitochondrial 
dysfunction, impaired energy utilization, and the progression 
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of diseases such as ALS, AD, PD, and MSA.[6,7] Protein aggre-
gation is a prevalent pathological feature in neurodegenerative 
diseases, causing neuroinflammation and exacerbating pro-
tein aggregation, further contributing to conditions like ALS, 
AD, PD, and FTD.[8,9] Recent evidence indicates a moderate 
genetic overlap among ALS, AD, and PD. This includes lyso-
somal/autophagy dysfunction (e.g., GAK/TMEM175, recom-
binant granulin, KAT8 regulatory non-specific lethal complex 
subunit 1 [KANSL1]), neuroinflammation/immunity (TSPO-
associated protein 1), oxidative stress (glutathione peroxidase 
3, KANSL1), and DNA damage response (NEK1) pathways, 
which are implicated in the diagnostic processes of various neu-
rodegenerative diseases.[10] Additionally, microglia play a dual 
role: they protect by clearing pathological protein aggregates 
and contribute to neurodegeneration when excessive uptake of 
these aggregates impairs their phagocytic function, leading to 
neuroinflammation and neurodegenerative conditions, includ-
ing ALS, AD, PD, FTD, MSA, and DLB.[11] Hippocampal dys-
function is associated with mental comorbidities and cognitive 
impairment in neurodegenerative diseases. The involvement of 
adult hippocampal neurogenesis in ALS, PD, DLB, and FTD 
suggests that the increased vulnerability of adult hippocampal 
neurogenesis to neurodegeneration may underlie hippocam-
pal dysfunction during human aging, both physiologically and 
pathologically.[12]

Previous studies examining the associations between dis-
eases have primarily utilized observational study designs. While 
well-designed randomized controlled trials are considered the 
gold standard for estimating causality between risk factors and 
diseases, traditional research methods often encounter chal-
lenges due to potential biases. In recent years, Mendelian ran-
domization (MR) analysis has emerged as a powerful tool for 
exploring causal relationships between various diseases at the 
genetic level.[13–15] Genetic variants, fixed at birth and randomly 
distributed among individuals, allow MR analysis to effectively 
control for confounding factors. This method enables a more 
accurate assessment of potential causal relationships between 
ALS and other neurodegenerative diseases, such as AD, PD, 
FTD, MSA, and DLB, providing a scientific basis for developing 
prevention and treatment strategies.

In this study, we applied a 2-sample MR analysis using large-
scale genome-wide association study (GWAS) data to uncover 
the causal effects of ALS on the risk of neurodegenerative dis-
eases (AD, PD, FTD, MSA, DLB).

2. Materials and methods

2.1. Data sources and study design

In this study, we employed a 2-sample MR analysis using GWAS 
datasets for 6 neurodegenerative diseases: ALS, AD, PD, FTD, 
MSA, and DLB. These datasets were sourced from the IEU 
Open GWAS project, the GWAS Catalog, and various other 
consortia. The MR design must adhere to 3 key assumptions: 
genetic instruments must robustly predict the exposures of 
interest (P < 5 × 10−8); genetic instruments must be independent 
of potential confounding factors; and genetic instruments must 
influence outcomes solely through their effects on risk factors.[16]

2.2. Bidirectional 2-sample MR

To investigate a causal relationship between ALS and various 
neurodegenerative diseases, we conducted a 2-sample MR anal-
ysis following established guidelines. This approach aimed to 
evaluate the risk of ALS while controlling for biases from con-
founding factors and reverse causation. Our analysis utilized 
population-based cohort GWAS with the following sample 
sizes: ALS (N = 80,610), AD (N = 63,926), PD (N = 4,82,730), 
FTD (N = 3024), MSA (N = 8016), and DLB (N = 6618).

We selected single nucleotide polymorphisms (SNPs) based 
on the following criteria:

Minimal linkage disequilibrium, defined by a probability 
(r2 > 0.001) and a maximum distance of 10,000 kb; adequate 
instrumental variable strength, with an F statistic > 10; we 
excluded SNPs that showed a significant correlation with the 
outcome (P < 5e−5); to prevent reverse causation, we applied the 
MR Steiger filter for evaluation, utilizing the default threshold 
set by the “mr_steiger” function. We employed 2-sample MR 
to investigate the odds ratio (OR) between these 5 neurodegen-
erative diseases and ALS, with the goal of obtaining unbiased 
results.

2.3. Statistical analysis

We determined significant correlations using MR analysis with 
a threshold of P < .05. For sensitivity analysis, we employed 
methods including MR-Egger and Mendelian Randomization 
Pleiotropy RESidual Sum and Outlier (MR-PRESSO). MR-Egger 
allowed us to assess heterogeneity and pleiotropy. We primar-
ily utilized the inverse variance weighted (IVW) model, with 
the MR-Egger model serving as a supplementary method for 
sensitivity evaluation.[17–19] We conducted all statistical anal-
yses using R (v4.2.3) and utilized software packages such as 
TwoSampleMR (v0.5.6) and MR-PRESSO (v1.0).

3. Results

3.1. Demographic characteristics of participants

Figure 1 illustrates the research process for MR. We selected 
6,44,924 participants from the database based on specific inclu-
sion and exclusion criteria. Table 1 presents basic demographic 
information about the participants, including age, gender, fam-
ily history, and other relevant characteristics.

3.2. Results of bidirectional 2-sample MR analysis

We used 2-sample MR analysis to examine the causal effects 
between diseases, as summarized in Tables 2 and 3 and Figure 2. 
To investigate the causal relationship between ALS and neuro-
degenerative diseases (including AD, PD, FTD, MSA, and DLB), 
we applied the IVW and MR-Egger methods. The IVW results 
indicated no evidence of causality, either forward or reverse, 
between ALS and these neurodegenerative diseases. Notably, 
MR-Egger analysis revealed a nominally significant causal rela-
tionship between AD and ALS (OR = 1.079, 95% confidence 
interval : 1.017–1.145, P = .029), as well as between PD and 
ALS (OR = 1.210, 95% confidence interval: 1.046–1.401, 
P = .020).

3.3. Sensitivity analysis

To ensure the robustness of our results, we conducted a series 
of sensitivity analyses, including the IVW test, the MR-Egger 
test, and the MR-PRESSO test (Table 4). All P-values from the 
MR-Egger model were >.05, indicating the absence of hori-
zontal pleiotropy. The causal effect estimates were consistent 
between the IVW and MR-Egger methods. Furthermore, we did 
not detect heterogeneity in the other analyses.

4. Discussion
This study reveals the causal effects of ALS and neurodegen-
erative diseases, including AD, PD, FTD, MSA, and DLB. Our 
findings indicate that AD and PD may contribute to the risk 
of developing ALS. Notably, AD, PD, and ALS share many 
clinical and pathophysiological features, such as lysosomal 
dysfunction, mitochondrial dysfunction, oxidative stress, 
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and neuroinflammation, all influenced by environmental fac-
tors.[6,8,9,20–24] Approximately 10% to 15% of ALS cases exhibit 
associated AD pathology.[25]

The TAR-DNA binding protein of 43 kDa (TDP-43), encoded 
by the TARDBP gene, is an endo-nuclear protein involved in 
RNA splicing, transport, and stabilization, thereby regulating 
gene expression. TDP-43 inclusion bodies, a hallmark of ALS, 
are found in up to 57% of Alzheimer’s disease cases, most com-
monly in marginal distributions. These findings strongly suggest 
that TDP-43 pathology is a common component in both AD 
and ALS.[26]

A recent study employed local genetic correlation to identify 
a common locus (human leukocyte antigen) for AD, ALS, and 
PD, successfully quantifying the genetic overlap among these 3 
diseases.[27] The endoplasmic reticulum plays a crucial role in 

maintaining protein homeostasis through the unfolded protein 
response, which is strongly activated in most neurodegenera-
tive diseases. Two major UPR signaling pathways, mediated by 
IRE1α and ATF6, activate overlapping and disease-specific pat-
terns of IRE1α-XBP1 and ATF6 target genes in both AD and 
ALS.[28]

A recent genome-wide association study identified 11 common 
genetic risk sites shared by PD and ALS. These genes implicate 
lysosomal/autophagy dysfunction (GAK/TMEM175, recombi-
nant granulin, KANSL1), neuroinflammation/immunity (TSPO-
associated protein 1), oxidative stress (glutathione peroxidase 3, 
KANSL1), and DNA damage response (NIMA-related kinase 1) 
as diagnostic processes for both PD and ALS.[10] An NGS study 
further confirmed the potential role of PD-related genes as risk 
modifiers in the pathogenesis of ALS.[29]

Figure 1. Flow chart of the research process. AD = Alzheimer’s disease, ALS = amyotrophic lateral sclerosis, DLB = dementia with Lewy bodies, FTD = fron-
totemporal dementia, MR = Mendelian randomization, MR-PRESSO = Mendelian Randomization Pleiotropy RESidual Sum and Outlier, MSA = multiple system 
atrophy, PD = Parkinson’s disease, SNPs = single nucleotide polymorphisms.

Table 1 

Characteristics of the participants (N = 6,44,924).

ALS AD PD FTD MSA DLB

PubMed ID 29566793 30820047 31701892 20154673 38701790 33589841
Consortium US, Italian, UK, French, Belgian Europe Europe Europe Europe, USA Europe

Cases Cases Cases Cases Cases Cases
Female (%) 3433 (41.7) ADGC, 8555 (59.3)

CHARGE, 1438 (67.3)
EADI, 1456 (65)

GERAD, 2033 (64)

10,728 (57.62) 227 (44.3) 416 (47) 948 (37)

Mean age (SD/range) 59.8 (12.3) ADGC, 71.1 (17.3)
CHARGE, 82.6 (12)

EADI, 75.4 (9.1)
GERAD, 73.0 (0.2)

58.45 (7.20) 59.8 (9.8/28–89) 64 (38–91) 75 (11)

Bulbar-onset (%) 2202 (26.8) / / / / /
Family history (%) 955 (11.6) / / 169 (42.7) / /
Clinically ascertained, n (%) / / / / / 802 (31)
Pathologically diagnosed, n (%) / / / / / 1789 (69)
Clinically probable MSA, n (%) / / / / 420 (47) /
Definite MSA, n (%) / / / / 468 (53) /
MSA-P, n (%) / / / / 202 (23) /
MSA-C, n (%) / / / / 127 (14) /
Not available, n (%) / / / / 559 (63) /

AD = Alzheimer’s disease, ADGC = Alzheimer’s Disease Genetics Consortium, ALS = amyotrophic lateral sclerosis, CHARGE = genomic epidemiology consortium, DLB = dementia with Lewy bodies, EADI 
= European Alzheimer's Disease Initiative, FTD = frontotemporal dementia, GERAD = Genetic and Environmental Risk in AD/Defining Genetic, MSA = multiple system atrophy, MSA-C = multiple system 
atrophy of cerebellar type, MSA-P = parkinsonian variant of multiple system atrophy, PD = Parkinson’s disease, SD = standard deviation.
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Epidemiological studies indicate that offspring of PD patients 
have an increased risk of developing ALS,[30] and up to 30% of 
ALS patients may develop Parkinsonian features.[31] These find-
ings align with our results, suggesting that PD may increase the 
risk of ALS. The largest GWAS in ALS patients has established a 
genetic link between the pathogenesis of ALS and PD, revealing 
site-specific patterns of shared genetic risk for the diseases.[32] 
This phenomenon likely arises from the genetic overlap among 
different degenerative diseases. The C9Orf72 gene, the most 

common gene associated with ALS, can manifest as either typi-
cal or atypical PD.[33,34]

One case study[35] reported that 5 AD patients all developed 
ALS, with 1 autopsied patient showing characteristic lesions of 
both diseases. This study suggests that the ALS-AD phenotype 
may be an underexplored specific entity. Elevated plasma levels 
of threonine 181 phosphorylated tau protein (p-tau181) have 
been identified as a highly accurate marker of AD. Recently, new 
evidence[36] found elevated plasma p-tau181 in patients with 

Table 2 

Causal effects of neurodegenerative diseases and ALS (IVW).

Exposure Outcome b SE OR [95% CI] P

ALS AD 0.023 0.080 1.024 [0.875–1.197] .770
ALS PD 0.059 0.073 1.061 [0.920–1.223] .418
ALS DLB 0.103 0.162 1.109 [0.806–1.524] .526
ALS MSA −0.076 0.263 0.927 [0.554–1.551] .772
ALS FTD 0.207 0.571 1.230 [0.402–3.764] .717
AD ALS 0.044 0.023 1.045 [0.999–1.092] .053
PD ALS 0.053 0.028 1.054 [0.998–1.113] .057
DLB ALS 0.019 0.033 1.020 [0.956–1.087] .556
MSA ALS 0.040 0.052 1.041 [0.941–1.152] .437
FTD ALS 0.026 0.017 1.026 [0.993–1.061] .122

AD = Alzheimer’s disease, ALS = amyotrophic lateral sclerosis, CI = confidence interval, DLB = dementia with Lewy bodies, FTD = frontotemporal dementia, IVW = inverse variance weighted, MSA = 
multiple system atrophy, OR = odds ratio, PD =Parkinson’s disease.

Table 3 

Causal effects of neurodegenerative diseases and ALS (MR-Egger).

Exposure Outcome b SE OR [95% CI] P

ALS AD −0.132 0.239 0.877 [0.549–1.400] .679
ALS PD 0.088 0.178 1.091 [0.770–1.547] .657
ALS DLB 0.172 0.413 1.187 [0.529–2.666] .705
ALS MSA 0.633 0.931 1.883 [0.303–11.678] .620
ALS FTD −2.937 5.510 0.053 [1.083–2597.348] .688
AD ALS 0.076 0.030 1.079 [1.017–1.145] .029
PD ALS 0.191 0.074 1.210 [1.046–1.401] .020
DLB ALS 0.009 0.065 1.009 [0.889–1.145] .899
MSA ALS NA NA NA NA
FTD ALS 0.026 0.071 1.027 [0.893–1.180] .726

AD = Alzheimer’s disease, ALS = amyotrophic lateral sclerosis, CI = confidence interval, DLB = dementia with Lewy bodies, FTD = frontotemporal dementia, MR = Mendelian randomization, MSA = 
multiple system atrophy, NA = not available, OR = odds ratio, PD = Parkinson’s disease.

Figure 2. Causal effects of neurodegenerative diseases on ALS (IVW). AD = Alzheimer’s disease, ALS = amyotrophic lateral sclerosis, DLB = dementia with 
Lewy bodies, FTD = frontotemporal dementia, IVW = inverse variance weighted, LCI = lower confidence interval, MSA = multiple system atrophy, NSNP = 
number of single nucleotide polymorphisms, OR = odds ratio, PD = Parkinson’s disease, UCI = upper confidence interval.
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ALS, indirectly suggesting a causal relationship between AD 
and ALS. Previous studies also discovered that relatives of ALS 
patients have a significantly higher risk of dementia compared 
to control groups, and relatives of familial ALS patients have a 
higher risk of PD.[37]

Our research indicates that ALS may not have a causal rela-
tionship with neurodegenerative diseases (FTD, MSA, DLB). 
However, relevant studies have shown that abnormal accumu-
lation of TDP-43 has been found in both ALS and FTD,[38–40] 
and there is also pathological evidence of TDP-43 in MSA 
and DLB.[41,42] The genetic overlap phenomenon of C9Orf72 
between ALS and FTD has been confirmed.[43,44] This evidence 
suggests that our research may have limitations. Furthermore, 
our study confirmed the evidence of the causal relationship 
between AD and PD on ALS. However, unfortunately, no evi-
dence of the causal relationship between ALS on AD and PD 
was found. This might be due to the existence of undetected 
confounding factors.

We speculate that MR analysis is merely a method for ana-
lyzing the causal relationship between exposure and outcome. It 
is more helpful in determining the association’s direction than 
quantifying the association’s size, and perhaps cannot com-
pletely replace clinical trials in the objective world. Although 
we conducted a sensitivity analysis to assess the potential 
impact of pleiotropy, the residual confounding factors could 
not be excluded entirely. Since the dataset mainly relies on 
large-sample GWAS databases, and these data are mostly from 
the European population, the research conclusions may not 
be directly generalized to the Asian population or other non- 
European populations. This problem of underrepresentation of 
the population may limit the general applicability of the research 
results. Therefore, we expect that more subsequent studies will 
be needed for verification and to deeply explore the specific bio-
logical mechanisms of the possible causal relationship between 
ALS and neurodegenerative diseases. Our research also suggests 
that the shared genetic or pathological characteristics among 
ALS, AD and PD may provide information for targeted ther-
apeutic approaches or risk stratification in the clinical setting.

5. Conclusion
This is the 1st MR study to investigate the causal relationship 
between ALS and other neurodegenerative diseases, including 
AD, PD, FTD, MSA, and DLB. Our MR analysis supports the 
hypothesis that AD and PD increase the incidence of ALS.

Author contributions
Conceptualization: Chaofang Lei, Jiaxu Chen, Zhigang Chen, 

Le Xie.
Data curation: Chongyang Ma, Dahua Wu.

Investigation: Chaofang Lei, Dahua Wu.
Methodology: Chaofang Lei, Jianbei Chen, Miaomiao Yang.
Software: Chaofang Lei, Yonghong Xiao.
Supervision: Le Xie.
Writing – original draft: Chaofang Lei.
Writing – review & editing: Chaofang Lei, Le Xie.

References
 [1] Feldman EL, Goutman SA, Petri S, et al. Amyotrophic lateral sclerosis. 

Lancet. 2022;400:1363–80.
 [2] Goutman SA, Hardiman O, Al-Chalabi A, et al. Emerging insights into 

the complex genetics and pathophysiology of amyotrophic lateral scle-
rosis. Lancet Neurol. 2022;21:465–79.

 [3] Goutman SA, Savelieff MG, Jang D-G, Hur J, Feldman EL. The amy-
otrophic lateral sclerosis exposome: recent advances and future direc-
tions. Nat Rev Neurol. 2023;19:617–34.

 [4] McCluskey L, Vandriel S, Elman L, et al. ALS-Plus syndrome: non- 
pyramidal features in a large ALS cohort. J Neurol Sci. 2014;345:118–24.

 [5] Fang X, Cao X, Mei Q, Zhang J, Wu S. Research progress of amyo-
trophic lateral sclerosis overlaps with other neurodegenerative diseases. 
Chin J Neurol. 2015;48:428–30.

 [6] Alqahtani T, Deore SL, Kide AA, et al. Mitochondrial dysfunction 
and oxidative stress in Alzheimer’s disease, and Parkinson’s disease, 
Huntington’s disease and Amyotrophic Lateral Sclerosis -an updated 
review. Mitochondrion. 2023;71:83–92.

 [7] Mantle D, Hargreaves IP. Mitochondrial dysfunction and neurodegen-
erative disorders: role of nutritional supplementation. Int J Mol Sci. 
2022;23:12603.

 [8] Zhang W, Xiao D, Mao Q, Xia H. Role of neuroinflammation in neuro-
degeneration development. Signal Transduct Target Ther. 2023;8:267.

 [9] Singh J, Habean ML, Panicker N. Inflammasome assembly in neurode-
generative diseases. Trends Neurosci. 2023;46:814–31.

 [10] Wainberg M, Andrews SJ, Tripathy SJ. Shared genetic risk loci between 
Alzheimer’s disease and related dementias, Parkinson’s disease, and 
amyotrophic lateral sclerosis. Alzheimers Res Ther. 2023;15:113.

 [11] Gao C, Jiang J, Tan Y, Chen S. Microglia in neurodegenerative diseases: 
mechanism and potential therapeutic targets. Signal Transduct Target 
Ther. 2023;8:359.

 [12] Terreros-Roncal J, Moreno-Jiménez EP, Flor-García M, et al. Impact of 
neurodegenerative diseases on human adult hippocampal neurogenesis. 
Science. 2021;374:1106–13.

 [13] Zheng J, Zhang Y, Rasheed H, et al. Trans-ethnic Mendelian-
randomization study reveals causal relationships between car-
diometabolic factors and chronic kidney disease. Int J Epidemiol. 
2022;50:1995–2010.

 [14] Baranova A, Zhao Y, Cao H, Zhang F. Causal associations between major 
depressive disorder and COVID-19. Gen Psychiatr. 2023;36:e101006.

 [15] Baranova A, Chandhoke V, Cao H, Zhang F. Shared genetics and bidi-
rectional causal relationships between type 2 diabetes and attention- 
deficit/hyperactivity disorder. Gen Psychiatr. 2023;36:e100996.

 [16] Boef AG, Dekkers OM, le Cessie S. Mendelian randomization studies: 
a review of the approaches used and the quality of reporting. Int J 
Epidemiol. 2015;44:496–511.

 [17] Bowden J, Davey Smith G, Burgess S. Mendelian randomization with 
invalid instruments: effect estimation and bias detection through Egger 
regression. Int J Epidemiol. 2015;44:512–25.

Table 4 

Sensitivity analysis of causal relationship between neurodegenerative diseases and ALS.

Exposure Outcome Inverse variance weighted (Q) Inverse variance weighted (Q_P) MR-Egger (Q) MR-Egger (Q_P) MR-PRESSO (P)

ALS AD 0.772 .680 0.297 .586 .147
ALS PD 3.015 .555 2.984 .394 .565
ALS DLB 4.608 .330 4.555 .207 NA
ALS MSA 1.534 .464 0.904 .342 NA
ALS FTD 0.864 .649 0.535 .465 NA
AD ALS 12.442 .411 9.970 .533 NA
PD ALS 22.672 .252 18.622 .415 .257
DLB ALS 10.768 .029 10.629 .014 .136
MSA ALS 1.811 .178 NA NA NA
FTD ALS 7.608 .268 7.608 .179 .257

AD = Alzheimer’s disease, ALS = amyotrophic lateral sclerosis, DLB = dementia with Lewy bodies, FTD = frontotemporal dementia, MR = Mendelian randomization, MR-PRESSO = Mendelian 
Randomization Pleiotropy RESidual Sum and Outlier, MSA = multiple system atrophy, NA = not available, PD = Parkinson’s disease.



6

Lei et al. • Medicine (2025) 104:25 Medicine

 [18] Bowden J, Del Greco M F, Minelli C, et al. Improving the accuracy of 
two-sample summary-data Mendelian randomization: moving beyond 
the NOME assumption. Int J Epidemiol. 2019;48:728–42.

 [19] Bowden J, Del Greco M F, Minelli C, Davey Smith G, Sheehan N, Thompson 
J. A framework for the investigation of pleiotropy in two-sample summary 
data Mendelian randomization. Stat Med. 2017;36:1783–802.

 [20] Al-Chalabi A, Hardiman O. The epidemiology of ALS: a conspiracy of 
genes, environment and time. Nat Rev Neurol. 2013;9:617–28.

 [21] Hersi M, Irvine B, Gupta P, Gomes J, Birkett N, Krewski D. Risk factors 
associated with the onset and progression of Alzheimer’s disease: a sys-
tematic review of the evidence. Neurotoxicology. 2017;61:143–87.

 [22] Ball N, Teo W-P, Chandra S, Chapman J. Parkinson’s disease and the 
environment. Front Neurol. 2019;10:218.

 [23] Udayar V, Chen Y, Sidransky E, Jagasia R. Lysosomal dysfunction in 
neurodegeneration: emerging concepts and methods. Trends Neurosci. 
2022;45:184–99.

 [24] Mhatre M, Floyd RA, Hensley K. Oxidative stress and neuroinflamma-
tion in Alzheimer’s disease and amyotrophic lateral sclerosis: common 
links and potential therapeutic targets. J Alzheimers Dis. 2004;6:147–57.

 [25] Barba L, Otto M, Abu-Rumeileh S. The underestimated relevance of 
Alzheimer’s disease copathology in amyotrophic lateral sclerosis. J 
Alzheimers Dis. 2023;95:1401–4.

 [26] Meneses A, Koga S, O'Leary J, Dickson DW, Bu G, Zhao N. TDP-43 
pathology in Alzheimer’s disease. Mol Neurodegener. 2021;16:84.

 [27] Wightman DP, Savage JE, Tissink E, Romero C, Jansen IE, Posthuma 
D. The genetic overlap between Alzheimer’s disease, amyotrophic lat-
eral sclerosis, Lewy body dementia, and Parkinson’s disease. Neurobiol 
Aging. 2023;127:99–112.

 [28] Montibeller L, de Belleroche J. Amyotrophic lateral sclerosis (ALS) and 
Alzheimer’s disease (AD) are characterised by differential activation of 
ER stress pathways: focus on UPR target genes. Cell Stress Chaperones. 
2018;23:897–912.

 [29] Vacchiano V, Bartoletti-Stella A, Rizzo G, et al. Frequency of Parkinson’s 
disease genes and role of PARK2 in amyotrophic lateral sclerosis: an 
NGS study. Genes (Basel). 2022;13:1306.

 [30] Hermosura MC, Garruto RM. TRPM7 and TRPM2-candidate suscep-
tibility genes for Western Pacific ALS and PD? Biochim Biophys Acta. 
2007;1772:822–35.

 [31] Calvo A, Chiò A, Pagani M, et al. Parkinsonian traits in amyotrophic 
lateral sclerosis (ALS): a prospective population-based study. J Neurol. 
2019;266:1633–42.

 [32] van Rheenen W, van der Spek RAA, Bakker MK, et al. Common and 
rare variant association analyses in amyotrophic lateral sclerosis iden-
tify 15 risk loci with distinct genetic architectures and neuron-specific 
biology. Nat Genet. 2021;53:1636–48.

 [33] Giannoccaro MP, Bartoletti-Stella A, Piras S, et al. Multiple variants in 
families with amyotrophic lateral sclerosis and frontotemporal demen-
tia related to C9orf72 repeat expansion: further observations on their 
oligogenic nature. J Neurol. 2017;264:1426–33.

 [34] Bourinaris T, Houlden H. C9orf72 and its relevance in parkinsonism 
and movement disorders: a comprehensive review of the literature. 
Mov Disord Clin Pract. 2018;5:575–85.

 [35] Vrillon A, Deramecourt V, Pasquier F, et al. Association of amyotrophic 
lateral sclerosis and Alzheimer’s disease: new entity or coincidence? A 
case series. J Alzheimers Dis. 2021;84:1439–46.

 [36] Cousins KAQ, Shaw LM, Shellikeri S, et al. Elevated plasma phos-
phorylated Tau 181 in amyotrophic lateral sclerosis. Ann Neurol. 
2022;92:807–18.

 [37] Majoor-Krakauer D, Ottman R, Johnson WG, Rowland LP. Familial 
aggregation of amyotrophic lateral sclerosis, dementia, and Parkinson’s 
disease: evidence of shared genetic susceptibility. Neurology. 
1994;44:1872–7.

 [38] Mackenzie IR, Rademakers R, Neumann M. TDP-43 and FUS in amy-
otrophic lateral sclerosis and frontotemporal dementia. Lancet Neurol. 
2010;9:995–1007.

 [39] Ke YD, van Hummel A, Au C, et al. Targeting 14-3-3θ-mediated TDP-
43 pathology in amyotrophic lateral sclerosis and frontotemporal 
dementia mice. Neuron. 2024;112:1249–64.e8.

 [40] Bright F, Chan G, van Hummel A, Ittner LM, Ke YD. TDP-43 and 
inflammation: implications for amyotrophic lateral sclerosis and fron-
totemporal dementia. Int J Mol Sci. 2021;22:7781.

 [41] Acewicz A, Stępień T, Felczak P, Tarka S, Wierzba-Bobrowicz T. 
Incidence and morphology of secondary TDP-43 proteinopathies: Part 
1. Folia Neuropathol. 2022;60:267–76.

 [42] Roberts B, Theunissen F, Mastaglia FL, Akkari PA, Flynn LL. 
Synucleinopathy in amyotrophic lateral sclerosis: a potential avenue 
for antisense therapeutics? Int J Mol Sci. 2022;23:9364.

 [43] Turner MR, Al-Chalabi A, Chio A, et al. Genetic screening in sporadic 
ALS and FTD. J Neurol Neurosurg Psychiatry. 2017;88:1042–4.

 [44] Dewan R, Traynor BJ. Plasma microRNA signature as biomarker for 
disease progression in frontotemporal dementia and amyotrophic lat-
eral sclerosis. J Neurol Neurosurg Psychiatry. 2021;92:458.


