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Abstract

INTRODUCTION: Dementia is a rising global health challenge. Advances in large-

scale proteomics and genetic databases have enabled high-throughput screening

approaches to uncover novel mechanistic pathways and therapeutic targets.

METHODS:This studyusedaMendelian randomization framework toexaminegenetic

associations of 2172 plasma proteins (UK Biobank, n = 54,219) with: (1) dementia

subtypes (FinnGen, n = 429,209), including Alzheimer’s disease (n = 12,348), vascular

dementia (n = 2667), and Parkinson’s disease dementia (n = 589); and (2) global neu-

roimagingmarkers (UKBiobank), includingwhitematter hyperintensities (n= 42,310),

fractional anisotropy (n= 17,663), andmean diffusivity (n= 17,467).
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RESULT: Multiple potential causal protein–outcome relationships were identified,

corroborating known associations (e.g., apolipoprotein E, synaptosomal-associated

protein 25) and uncovering more novel proteins (e.g., butyrophilin subfamily 3 mem-

ber A2, granzyme A, contactin-2, and trefoil factor 3) potentially involved in dementia

disease processes.

DISCUSSION: The identified proteins have diverse functions spanning immune reg-

ulation, cellular proliferation, neuronal stability, and neuroinflammation. The findings

increase our understanding of disease processes governing cognitive health and high-

light candidate proteins with potential as new disease biomarkers or therapeutic

targets.

KEYWORDS

Alzheimer’s disease, dementia, genome-wide association study, neuroimaging, Parkinson’s dis-
ease dementia, proteomics, vascular dementia

Highlights

∙ We used Mendelian randomization to link 2172 plasma proteins to dementia and

brain imaging traits.

∙ Apolipoprotein E, triggering receptor expressed onmyeloid cells 2, and Fc receptor-

like 3 showed protective associations across dementia subtypes.

∙ Butyrophilin subfamily 3 member A2, granzyme A, contactin-2, and trefoil factor 3

were uncovered as novel dementia-associated proteins.

∙ Immune, metabolic, and vascular pathways were implicated in the etiology of

dementia.

1 BACKGROUND

Dementia encompasses a spectrum of neurodegenerative disor-

ders characterized by cognitive decline, memory impairment, and

loss of functional independence, affecting > 55 million individuals

worldwide—a number projected to triple by 2050.1 Alzheimer’s dis-

ease (AD) is the most prevalent subtype, accounting for 60% to 70%

of cases, followed by vascular dementia (VD), and Parkinson’s dis-

ease dementia (PDD).2,3 These conditions arise from complex patho-

logical processes, including protein aggregation, synaptic dysfunc-

tion, neuronal damage, vascular dysfunction, and neuroinflammation.

Despite advances in understanding the pathophysiology of dementia,

the precise mechanisms driving disease progression remain incom-

pletely understood, highlighting the need for innovative approaches to

uncover causative pathways and therapeutic targets.

Plasma proteins play a pivotal role in the pathogenesis of dementia,

serving as biomarkers, prognostic indicators, and therapeutic targets.4

Proteomic analyses have demonstrated potential for advancing early

diagnosis and risk stratification of dementia.5 However, observational

studies exploring protein–disease associations are limited by con-

founding and reverse causation, hindering the establishment of causal

relationships.5,6 To address these challenges, integrating genetic data

with proteomics offers a powerful framework for assessing the roles of

proteins in the etiology of dementia.7

The recent emergence of large-scale biomedical databases that

include both proteomics and genetics profiling has enabled genome

wide association studies (GWASs), providing new insights into the

genetic determinants of individual proteomic markers. These genetic

variants can be used as instrumental variables (IVs) within Mendelian

randomization (MR) frameworks to examine the association of genet-

ically predicted protein levels with dementia outcomes to enhance

mechanistic understanding, while minimizing biases from traditional

observationalmethods.8 PreviousMR studies have demonstrated indi-

vidual protein–dementia relationships, such as links between amyloid

beta (Aβ) and tau pathology proteins with AD.9 The availability of

large-scale proteomics and genetic datasets enables implementation

of high-throughput screening methods to identify novel mechanistic

pathways, disease biomarkers, and therapeutic targets.10

This study used aMR framework to examine genetic associations of

an extensive panel of plasma proteomics with (1) dementia subtypes

and (2) neuroimaging markers. The work represents the most com-

prehensive evaluation of associations between proteomicmarkers and

dementia to date, providing new insights into mechanistic pathways

and potential therapeutic targets.
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2 METHODS

2.1 Study design

A two-sample MR framework was applied to evaluate relationships

between plasma proteins and dementia subtypes (Figure 1). Relevant

GWASs were identified through a systematic literature search, cover-

ing plasma proteins (exposures), three dementia subtypes (outcomes),

and three neuroimagingmarkers (outcomes). Genetic variants—single-

nucleotide polymorphisms (SNPs), significantly associatedwith plasma

proteins were selected as IVs based on established thresholds (P < 5

× 10−8) and linkage disequilibrium (LD) criteria. The study adhered

to the Strengthening the Reporting of Observational Studies in Epi-

demiology using Mendelian randomization (STROBE-MR) guidelines,

ensuringmethodological robustness and transparency.11

2.2 Data sources

The largest availableGWASof plasmaproteomicswas selected to iden-

tify the exposure IVs. In their analysis of 2923 plasma proteins from

54,219 UK Biobank participants, Sun et al.12 identified 14,287 signif-

icant genetic associations with plasma proteins, including both cis- and

trans-protein quantitative trait loci (pQTLs).

2.3 Outcome

The outcome dataset for dementia subtypes was sourced from the

FinnGenGWASdatabase.13,14 This dataset includes genetic and health

record data from > 429,209 participants of Finnish ancestry. FinnGen,

an ongoing project initiated in 2017, integrates genomic data with

electronic health records to facilitate comprehensive exploration of

the human genome and its links to various diseases. The outcomes

of interest included three dementia subtypes: VD, AD, and PDD.

Detailed information on sample size, case proportions, and population

characteristics is provided in Table S1 in supporting information.

2.4 Neuroimaging markers

Brain magnetic resonance imaging (MRI) marker datasets were

sourced from the UK Biobank GWAS by Persyn et al.,15 and included

global white matter hyperintensities (WMHs), fractional anisotropy

(FA), and mean diffusivity (MD). These markers were selected because

they reflect global white matter micro-injuries (WMHs), brain con-

nectivity (FA), and white matter microstructural integrity (MD) and

have established links to cognitive impairment and progression to

dementia.16,17

Total WMH volumes were derived from T1-weighted and T2 fluid-

attenuated inversion recovery (FLAIR) images. FA and MD values,

using diffusion tensor imaging and diffusion MRI, and calculated for

RESEARCH INCONTEXT

1. Systematic review: We conducted a targeted literature

review to inform protein selection and interpretation.

We then performed structured searches to evaluate the

evidence for their involvement in neurodegeneration.

While some prior Mendelian randomization (MR) studies

explored specific proteins such as apolipoprotein E (apoE)

and tau, no large-scale MR analyses had assessed plasma

proteomics across dementia subtypes and neuroimaging

markers.

2. Interpretation: This study presents the most compre-

hensive MR analysis to date examining 2172 genetically

predicted plasma proteins in relation to Alzheimer’s dis-

ease, vascular dementia, Parkinson’s disease dementia,

and neuroimaging biomarkers. We confirm known asso-

ciations (e.g., apoE, triggering receptor expressed on

myeloid cells 2) and identify novel candidates (e.g., buty-

rophilin subfamily 3 member A2, Fc receptor-like 3, and

protein MENT), implicating key immune, inflammatory,

andmetabolic pathways.

3. Future directions: Further studies should validate find-

ings in diverse populations and assess the mechanistic

roles and biomarker potential of newly identified pro-

teins.

48 specific white matter tracts. FA measures the directional coher-

ence of water diffusion in brain tissue, providing insights into white

matter integrity, while MD quantifies the overall diffusivity of water

molecules, reflecting tissuemicrostructure.

Principal component (PC) analysis was applied to FA and MD val-

ues across the different tracts, and the first PC was used to run the

GWASs. Quality control was applied at SNP (e.g., minor allele fre-

quency) and individual level (e.g., kinship coefficient). The final GWAS

analysis included ≈ 9.7 million SNPs.15 Detailed information on sam-

ple size and case proportions for brain imaging traits in the GWAS is

provided in Table S2 in supporting information.

2.5 Statistical analysis

Figure 1 shows an overview of the analysis, including the selection of

IVs and the implementation of MR. For each protein, GWAS summary

statistics were obtained and filtered to include only significant SNPs

based on the standard GWAS P value threshold (P < 5 × 10−8). To

ensure independence among variants, LD pruning with standard

settings was applied using an LD threshold of r2 = 0.1, a window

size of 10,000 base pairs, and reference data from a European

population. Harmonization of alleles was conducted to associate
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F IGURE 1 Overview of the studymethods. Number of analyses for each of AD, VD, and PDD: 2172, number of analyses for each ofWMH, FA,
andMD: 2169. AD, Alzheimer’s disease; FD, fractional anisotropy; FDR, false discovery rate; GWAS, genome-wide association study; IVW, inverse
variance weighted;MD, mean diffusivity; MR,Mendelian randomization; PDD, Parkinson’s disease dementia; SNPs, single-nucleotide
polymorphisms; VD, vascular dementia;WMH, white matter hyperintensity.

effect and reference alleles across the exposure and outcome GWAS

datasets, ensuring consistency in SNP interpretation. The resulting

list of independent and harmonized SNPs for each protein was then

used to extract the corresponding GWAS summary statistics for the

outcomes.

2.6 MR analysis

A two-sample MR analysis was adopted to assess the association

between plasma proteomics and the three types of dementia, as there

is no overlap in the exposures and the outcome GWAS samples. A

one-sampleMR analysis was used to evaluate the association between

plasma proteomics and the three brain MRI biomarkers, as both the

exposure and outcome samples originated from the UK Biobank. MR

was implemented using an inverse-variance weighted (IVW) method

as the main analysis. To ensure the validity of the SNPs and address

potential heterogeneity and directional pleiotropy, complementary

analyses were conducted, including MR-Egger regression, weighted

median, and weighted mode methods.18 Leave-one-SNP-out analy-

ses and MR-Egger intercept were implemented to test horizontal

pleiotropy. MR pleiotropy residual sum and outlier (MR-PRESSO) was

adopting to detect and correct horizontal pleiotropic outliers.18 The

analysis was conducted using the R package TwoSampleMR.19 The

P values of IVW were corrected for multiple testing using the Bon-

ferroni method for each outcome across all proteins. The association

was considered significant if the corrected P value was < 0.05 in the

IVW analysis and P value was < 0.05 in the complementary analyses.

The MR analysis was conducted when at least four SNPs are included

in the exposure and in the outcome because this is the minimum

number of SNPs required by MR-PRESSO to detect and correct for

outliers.

2.7 Ethical approval

The study used publicly available GWAS summary statistics; therefore,

ethical approval was not required.

3 RESULTS

Among the 2923 plasma proteins, 2172 were included in the analysis

of dementia outcomes, and 2169 were considered for brain MRI met-

rics outcomes. This selection was due to the absence of valid IVs for

some proteins, an insufficient number of IVs for certain analyses, or the

unavailability of IVs in the GWAS outcome data. The number of SNPs

passing all quality control steps and included in theMR analysis ranged

from 4 to 380, depending on the protein–outcome pairing.

3.1 Dementia subtypes

After Bonferroni adjustment and complementary analyses—including

MR-Egger regression, weighted median, and weighted mode

methods—the number of remaining significant associations was

10 proteins for AD, 6 for VD, and 11 for PDD (Figure 2, and Figure S1

and Tables S3 and S4 in supporting information).
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F IGURE 2 Association between proteins and dementia subtypes. Forest plot ofMendelian randomization estimates for dementia subtypes
(Alzheimer’s disease and vascular dementia) and Parkinson’s disease in relation to specific proteins. The IVW β represents the inverse variance
weighted effect size with corresponding 95% confidence intervals (β [95%CI]). apoE, apolipoprotein E; BTN3A2, butyrophilin subfamily 3member
A2; CD55, complement decay-accelerating factor; CD74, HLA class II histocompatibility antigen gamma chain; CD86, T-lymphocyte activation
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3.2 AD

The largest effect size (by a notable distance) was the association

of higher apolipoprotein E (apoE), levels with a significantly lower

risk of AD. Higher CD74 molecule (CD74) and triggering receptor

expressed on myeloid cells 2 (TREM2) levels were also related to

lower AD risk—with second and third largest effect sizes, respec-

tively. There were smaller magnitude negative associations with Fc

receptor-like 3 (FCRL3). Conversely, higher butyrophilin subfamily 3

memberA2 (BTN3A2) levelswere linked to increased risk of AD. These

relationships remained robust to multiple sensitivity checks includ-

ing all standard complementary analyses, multiple testing correction,

and correction for pleiotropy using MR-PRESSO, with consistent beta

values and significance levels.

The remaining proteins demonstrated significant associations with

AD, butwithweaker supporting evidence. These comprisedassociation

of higher paired immunoglobulin-like type 2 receptor alpha (PILRA)

levelswith an increased riskofAD, and small negative associationswith

complement decay-accelerating factor (CD55), cluster of differentia-

tion 86 (CD86), tenascin-X (TNXB), and leucine-rich repeat-containing

25 (LRRC25).

3.3 PDD

The most robust results consistent across all complementary and sen-

sitivity analyses were associations of higher apoE and interleukin-6

receptor subunit alpha (IL6R) levels with lower risk of PDD.

Higher secreted frizzled-related protein 4 (SFRP4), protein

MENT (MENT), synaptosomal-associated protein 25 (SNAP-25), and

tenascin-R (TNR) levels were linked to increased risk of PDD. While

higher hematopoietic prostaglandin D synthase (HPGDS), hepato-

cyte growth factor-like protein (MST), pantetheine hydrolase VNN2

(VNN2), and paxillin (PXN) were linked to lower risk of PDD.

3.4 VD

Higher serum apoE levels were linked to significantly lower VD risk,

while higher BTN3A2 levels were linked to an increased risk. These

associations were robust across all complementary and sensitivity

analyses.

Higher contactin-2 (CNTN2) levels were linked to increased risk of

VD. Higher SMAD family member 3 (SMAD3) and fibrillin-2 (FBN2)

levels associated with lower risk of VD.

3.5 Neuroimaging biomarkers

Across all neuroimaging biomarkers, > 280 significant associations

were identified in the main analysis. However, the number of signif-

icant associations decreased after Bonferroni correction for multiple

testing.WMHs retained the highest number of significant associations

after Bonferroni correction, with 78 associations. After complemen-

tary analyses, the number of significant associations was further

refined to 35 forWMHs, 22 forMD, and 25 for FA (Figures 3–5, Tables

S3 and S5 in supporting information).

3.6 WMHs

The largest effect sizes were associations of higher serum lev-

els of malignant T-cell-amplified sequence (MCTS1), procollagen

C-endopeptidase enhancer 1 (PCOLCE), granzyme A (GZMA), and

TP53-binding protein 1 (TP53BP1) with greater (unhealthy)WMHs.

The most prominent negative associations were with pro-

tein disulfide-isomerase A5 (PDIA5), transmembrane protein

25 (TMEM25), T-cell surface glycoprotein CD1c (CD1C), and

lithostathine-1-beta (REG1B) levels, which associated with signif-

icantly lower WMHs. There was a significant but smaller negative

association between apoE andWMHs.

Additional significant results are presented in Figure 3 and Table S5.

3.7 FA

The greatest positive associations were observed with serum

interleukin-1 alpha (IL1A), 5-oxoprolinase (OPLAH), CD1C, and

butyrophilin subfamily 2 member A1 (BTN2A1), higher levels of which

were linked to higher (healthier) global FA values.

Guanylate-binding protein 2 (GBP2) showed the greatest negative

association with FA. Smaller significant negative associations were

observed with GZMA, BTN3A2, and brevican core protein (BCAN)

levels.

The full results are presented in Figure 4 and Table S5.

3.8 MD

Higher IL1A, CD1C, BTN2A1, and complement component 2 (C2) lev-

els were linked to lower (healthier) global MD values. Higher apoE

levels showed similar but smaller magnitude associations with lower

antigen; CI, confidence interval; CNTN2, contactin-2; FBN2, fibrillin-2; FCRL3, Fc receptor-like protein 3; HPGDS, hematopoietic prostaglandin D
synthase; IL19, interleukin-19; IL6R, interleukin-6 receptor subunit alpha; IVW, inverse variance weighted; LRRC25, leucine-rich
repeat-containing protein 25;MENT, proteinMENT;MST1, hepatocyte growth factor-like protein; PILRA, paired immunoglobulin-like type 2
receptor alpha; PXN, paxillin; SFRP4, secreted frizzled-related protein 4; SMAD3, mothers against decapentaplegic homolog 3; SNAP-25,
synaptosomal-associated protein 25; SPARCL1, SPARC-like protein 1; TNR, tenascin-R; TNXB, tenascin-X; TREM2, triggering receptor expressed
onmyeloid cells 2; VNN2, pantetheine hydrolase VNN2.
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F IGURE 3 Association between proteins andwhite matter hyperintensity. Forest plot ofMendelian randomization estimates for white matter
hyperintensities in relation to specific proteins. The IVW β represents the inverse variance weighted effect size with corresponding 95%
confidence intervals (β [95%CI]). ALPP, alkaline phosphatase, placental; apoE, apolipoprotein E; APSN, asporin; BTN2A1, butyrophilin subfamily 2
member A1; BTN3A2, butyrophilin subfamily 3member A2; CD1C, T-cell surface glycoprotein CD1c; COMT, catechol O-methyltransferase;
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MD.The largestmagnitudepositive associationswerewithGZMA, gas-

trin (GAST), glycogen synthase, muscle (GYS1), glycerophosphocholine

cholinephosphodiesterase (ENPP6), and trefoil factor 3 (TFF3).

The full results are detailed in Figure 5 and Table S5.

4 DISCUSSION

This studyprovides a high-throughput screening analysis of the genetic

association between plasma proteins and major dementia subtypes

and neuroimaging markers that are of likely causal significance. It

confirms known associations and uncovers novel proteins potentially

involved in disease mechanisms. Notably, it highlights various path-

ways in lipidmetabolism, Aβ processing, immune regulation, inflamma-

tion, and cellular growth as key contributors to dementia pathogenesis.

In the following sections, we explore the potential functional role of

selected proteins associated with dementia subtypes andMRI-derived

phenotypes.

4.1 AD

Our analysis showed a consistent association of higher genetically pre-

dicted serum apoE levels with lower risk of AD, better white matter

MD (lower global MD), and fewer WMHs (lower WMHs). The pro-

tective role of apoE is attributed to its high avidity for, and specific

binding and clearance of, Aβ peptides.20 The links between theAPOE ɛ4
allele and higher risk of late-onset familial AD is well established. How-

ever, its precise mechanistic role remains debated, whether cognitive

deficits in APOE ɛ4 carriers are a prodrome of dementia pathology or

if they reflect a direct contribution of the APOE genotype.21 Our anal-

ysis suggests a direct mechanistic role between higher apoE levels in

the serumand reduced risk ofADandhealthier neuroimagingbiomark-

ers. Notably, we also found that higher apoE levelswere linked to lower

risk of both VD and PDD, although with smaller magnitude of effect,

suggesting greater mechanistic specificity with AD.

Higher TREM2 levels were linked to lower risk of AD. TREM2 is a

microglial immunoreceptor with loss-of-function mutations linked to

early-onset dementia in humans and genetic variants associated with

increased risk of neurodegenerative disorders.22 In mouse models,

TREM2 deficiency has been associated with impaired Aβ breakdown

and AD-related pathological alterations.19 Our findings support these

previous biological studies and indicate a likely causal link between

serum TREM2 levels and AD risk.

Higher serum CD74 levels were associated with a lower risk of AD.

CD74 is involved in MHC class II processing and acts as a receptor for

macrophage migration inhibitory factor (MIF).23 Immunohistochemi-

cal data show increased CD74 in AD neurons, particularly in tangles

and plaque.24 Our results highlight the importance of CD74 in AD

pathophysiology.

Higher serum FCRL3 levels were linked to a lower risk of AD in our

analysis. FCRL3 is a member of the immunoglobulin receptor super-

family and has a suggested role in immune regulation, although its

precise function remains unknown. Its role in autoimmune conditions

has been reported.25 Our findings suggest protective association of

FCRL3withAD, anassociationwhichhasnot beenpreviously reported.

We additionally found association of higher BTN3A2 levels with

higher risk of AD and VD, and with greater WMHs (higher WMHs)

and unhealthy brain connectivity (lower FA). The BTN3A2 protein is

part of the immunoglobulin superfamily and may be involved in the

adaptive immune response.26 The BTN3A2 gene has previously been

linked to schizophrenia risk27 and greater risk of lacunar strokes.28

Our analysis is the first to report associations with increased AD

risk.

4.2 VD

Higher apoE levelswerealsoprotective againstVD, although toa lesser

extent than with AD. Associations included healthier neuroimaging

biomarkers, notably fewer WMHs. Our findings support growing evi-

dence indicating a protective role of apoE in relation to VD,29 through

maintenance of neurovascular regulation andwhitematter integrity.30

We also identified association of higher serum BTN3A2 levels with

increased riskofVDandadverseneuroimagingphenotypes (andhigher

AD risk, as previously mentioned), corroborating existing evidence in

this area.28

Higher CNTN2 levels were linked to increased VD risk. The con-

tactin group of proteins are part of the immunoglobulin superfamily

of cell adhesion molecules and have a crucial function for maintaining

the integrity and function of myelinated axons.31 They have also been

suggested to interactwith amyloid precursor proteins and linked toAD

development.32 Previouswork has demonstrated significant reduction

in levels ofCNTN2 in cerebrospinal fluid of patientswithAD.Our study

CPVL, probable serine carboxypeptidase; DDR1, epithelial discoid in domain-containing receptor 1; DKKL1, Dickkopf-like protein 1; GZMA,
granzyme A; HLA-E, HLA class I histocompatibility antigen, alpha chain E; HRG, histidine-rich glycoprotein; HYAL1, hyaluronidase-1; KIR2DL2,
killer cell immunoglobulin-like receptor 2DL2; KIR2DL3, killer cell immunoglobulin-like receptor 2DL3; LILRB1, leukocyte immunoglobulin-like
receptor subfamily Bmember 1; LRPAP1, Alpha-2-macroglobulin receptor-associated protein; LRRC37A2, leucine-rich repeat-containing protein
37A2; LRRN1, leucine-rich repeat neuronal protein 1; LTBP3; latent-transforming growth factor beta-binding protein 3;MCTS1, malignant
T-cell-amplified sequence 1;MENT, proteinMENT;MTHFSD, methenytetrahydrofolate synthase domain-containing protein; PDIA5, protein
disulfide-isomerase A5; PCOLCE, procollagen C-endopeptidase enhancer 1; PRTG, protogenin; PTGR1, prostaglandin reductase 1; REG1B,
lithostathine-1-beta; RGMB, repulsive guidancemolecule B; SCARF2, scavenger receptor class Fmember 2; SNAP-25, synaptosomal-associated
protein 25; TCTN3, tectonic-3; TMEN25, transmembrane protein 25; TNFSF12, tumor necrosis factor ligand superfamily member 12; TP53BP1,
TP53-binding protein 1.
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F IGURE 4 Association between proteins and fractional anisotropy. Forest plot ofMendelian randomization estimates for fractional
anisotropy in relation to specific proteins. The IVW β represents the inverse variance weighted effect size, with corresponding 95% confidence
intervals (β [95%CI]). ARHGEF5, rho guanine nucleotide exchange factor 5; BCAN, brevican core protein; BTN2A1, butyrophilin subfamily 2
member A1; BTN3A2, butyrophilin subfamily 3member A2; C2, complement component 2; CFB, complement factor B; CD1C, T-cell surface
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reports new associations between higher serum CNTN2 and greater

risk of VD.

We found association of higher SMAD3 levels with lower risk of VD.

SMAD3 is an intracellular signal transducer and transcriptional modu-

lator activated by TGFβ (transforming growth factor beta) and activin

type 1 receptor kinases. Biologic studies indicate impairment of the

TGFβ–SMAD3 pathway with aging, facilitating cytotoxic activation of

microglia and microglia-mediated neurodegeneration.33 While some

studies have suggested links between SMAD3 and AD,34 ours is the

first to report links to VD.

4.3 PDD

Higher apoE levels were linked to lower risk of PDD, although the

greatest effect size was in relation to AD as previously discussed.

Our results show association of higher serum level of SNAP-25, a

presynaptic protein involved in regulation of neurotransmitter release

and synaptic function,35 with higher PDD risk and increased WMHs.

Previous work has highlighted the relevance of SNAP-25 in neurode-

generation in the context of PDD and called for its consideration as a

biomarker for early diagnosis and novel drug targets.36–38 Our findings

support these previous suggestions.

We identified links between higher TNR levels and increased risk

of PDD. TNR is a neural extracellular matrix protein involved in

interactions that can influence neurite growth. Recent reports, using

whole exome sequencing, have identified TNR as rare variants relevant

in familial Parkinson’s disease.39 Our findings support these earlier

results and present serum TNR as a potential biomarker of PDD.

We additionally found novel association of higher MENT protein

levels with higher PDD risk and greater WMHs. The function of this

protein is not well understood but is believed to have a role in con-

trol of cellular proliferation and tumor suppression.40 MENT has not

been previously linked to cognitive health or dementia. Our findings

highlight this protein as a potential biomarker of interest in PDD,which

merits further study.

4.4 MRI biomarkers and dementia

Higher apoE levels were linked to healthier neuroimaging phenotypes,

consistent with existing understanding and demonstrating protective

relationships with dementias.

Higher serum levels of GZMA, a protein with proposed roles as

a pro-inflammatory agent and cell death initiator,41 were linked to

greater white matter micro-injury (greater WMHs) and degeneration

of MD (lower FA, higher MD). Previous work has identified higher

serum levels of GZMA in patients with amyotrophic lateral sclerosis.42

Our findings suggest GZMA as a potential biomarker as higher serum

GZMA levels are linkedwith adverse neuroimaging indicators.

Higher serum IL1A levels were linked with healthier neuroimag-

ing phenotypes (higher FA, lower MD). Our findings are consistent

with previous evidence highlighting the critical role of the IL1 proteins

in neuroinflammation and linked polymorphisms of the IL1A gene to

increased risk of AD.43,44

Higher BTN2A1 levels were linked to reduced evidence of WMHs

(lower WMHs) and better microstructural integrity. Mutations in

the BTN2A1 gene have been linked to hypertension and metabolic

syndrome, and autoimmune conditions.45 We demonstrate these rela-

tionships with brain health for the first time.

ENPP6 was associated with unhealthy FA and MD changes, indi-

cating deleterious disruption ofmicrostructural whitematter integrity.

ENPP6 is a choline-specific phosphodiesterase with a role in choline

metabolism,46 and has been identified as a risk locus for psychosis

in AD.47 Our results extend existing knowledge by demonstrating

associations of ENPP6 with deleterious alterations of neuroimaging

biomarkers.

Higher TFF3 was also linked with adverse imaging markers (higher

FA, lowerMD). TFF3 is a protein involved in themaintenance of intesti-

nal mucosal integrity with emerging evidence highlighting roles in

oncogenesis and regulation of brain function.48 Previous work sug-

gests a potential role of TFF3 in predicting PDD or VD in specific

contexts.49 Our study is the first to suggest a role for TFF3 as a

biomarker for detection of early neurodegeneration.

4.5 Limitations

The reliance on GWAS datasets predominantly from Euro-

pean populations limits generalizability to other population

groups.

While plasma protein levels serve as convenient proxies for sys-

temic biological activity, they may not fully reflect the protein activity

within specific tissues, such as the brain. Given that many neurodegen-

erative processes are localized within the central nervous system, the

extrapolation of plasma protein findings to brain-specific mechanisms

must be made with caution. Complementary studies using CSF or

brain tissue samples could help validate and refine our conclusions.

MR relies on the assumption that the genetic instruments are strongly

associated with the exposure, not associated with confounders, and

glycoprotein CD1c; CTSB, cathepsin B; ENPP6, glycerophosphocholine choline phosphodiesterase ENPP6; FUCA1, Tissue alpha-L-fucosidase;
GBP2, Gguanylate-binding protein 2; GBP4, guanylate-binding protein 4; GZMA, granzyme A; HLA-E, HLA class I histocompatibility antigen, alpha
chain E; IL1A, interleukin-1 alpha; KIR2DL2, killer cell immunoglobulin-like receptor 2DL2; KIR2DL3, killer cell immunoglobulin-like receptor
2DL3L; LRP1, pro-low-density lipoprotein receptor-related protein 1; LRPAP1, alpha-2-macroglobulin receptor-associated protein; OPLAH,
5-oxoprolinase; PLA2G10, group 10 secretory phospholipase A2; PLA2G7, platelet-activating factor acetylhydrolase; TFF3, trefoil factor 3;
TREM2, triggering receptor expressed onmyeloid cells 2; UROD, uroporphyrinogen decarboxylase.
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F IGURE 5 Association between proteins andmean diffusivity. Forest plot ofMendelian randomization estimates for mean diffusivity in
relation to specific proteins. The IVW β represents the inverse variance weighted effect size with corresponding 95% confidence intervals (β [95%
CI]). APOE, apolipoprotein E; BTN2A1, butyrophilin subfamily 2member A1; C2, complement C2; CD109, CD109 antigen; CD1C, T-cell surface
glycoprotein CD1c; ENPP6, glycerophosphocholine choline phosphodiesterase ENPP6; FUCA1, Tissue alpha-L-fucosidase; GAST, gastrin; GBP4,
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affect the outcome only through the exposure. Additionally, pleiotropy

remains a key challenge inMR studies.

Finally, the accuracy of dementia subtyping depends on the meth-

ods used to identify cases, with potential risk of misclassification or

heterogeneity in diagnostic criteria, which could influence the speci-

ficity of our findings. A significant challenge is that diagnoses might

not represent a “pure” AD or VD case. Instead, mixed dementia

is common. As a result, GWASs based on clinical diagnoses likely

reflect a mixed pathological picture rather than distinct disease enti-

ties, complicating the interpretation of genetic associations. A recent

study highlighted the importance of pathology-confirmed GWASs

or those focused on pathology-derived endophenotypes to address

this issue.3 Such approaches provide a more refined understand-

ing of genetic centrifugations and should be considered in future

studies.
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