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Background: Neuropathic pain (NP) frequently co-occurs with Alzheimer’s disease (AD), yet the causal relationship and underlying
molecular mechanisms between the two remain unclear, necessitating further investigation to elucidate their intrinsic connection.
Methods: This study employed a bidirectional two-sample Mendelian randomisation (MR) approach to systematically analyse the
association between six NP subtypes and AD. Concurrently, functional annotation and transcriptomic analysis were conducted using
the GTEx v10 and GEO GSE156184 databases to explore potential molecular mechanisms.

Results: The study revealed a significant inverse causal effect of diabetic neuropathy (DN) on AD risk (OR=0.86, 95% CI: 0.77~0.95,
Pryw=0.0043), with sensitivity analyses confirming the robustness of this finding. Further analysis indicated that DN-associated SNPs
regulate four tissue-specific genes including FAM200A4 and GPC2. These genes exhibit differential expression in the DN transcriptome
and are significantly enriched in key pathways such as mitochondrial function and autophagy.

Conclusion: This study provides the first evidence that DN may exert a protective effect against AD by regulating the aforementioned
tissue-specific genes and associated pathways. This finding challenges the conventional understanding that chronic pain
exacerbates AD and offers novel potential targets for developing therapeutic strategies. However, due to population limitations in
the study, further experimental validation remains necessary.
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Background

Neuropathic pain (NP) is common chronic condition characterized by persistent and irreversible pain resulting from
pathological changes or diseases affecting the peripheral or central somatosensory nervous system.' > Based on the
anatomical location of the lesion, it is generally classified into peripheral neuropathic pain, involving the peripheral
sensory nervous system, and central NP, affecting the central somatosensory system.’> The etiology of NP is hetero-
geneous and includes trauma (eg, spinal cord injury, carpal tunnel syndrome), metabolic disorders (eg, diabetic peripheral
neuropathy), viral infections (eg, postherpetic neuralgia, HIV-associated neuropathy), autoimmune diseases (eg, multiple
sclerosis), and neurotoxic chemotherapeutic agents."* Most patients experience either continuous or intermittent sponta-
neous pain. The underlying mechanisms are complex and remain incompletely elucidated, and there are currently no
definitive diagnostic criteria, standardized methods, or specific biomarkers for the objective assessment of NP.*
Epidemiological data indicate that prevalence of neuropathic pain in general population is approximately 7%~8%,
accounting for 20%~25% of all chronic pain cases.'*
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Diabetic neuropathy (DN), a metabolic subtype of NP, is one of the most common complications of diabetes. It is
estimated that the prevalence of DN among diabetic patients worldwide is about 19.2%~40%. Its pathological features
include peripheral nerve axonal degeneration, demyelination, and impaired nerve conduction velocity.” Compared to
other NP subtypes (such as traumatic or infectious neuropathies), the pathogenesis of DN is closely associated with
metabolic dysregulation factors. Factors such as hyperglycemia-induced oxidative stress, accumulation of advanced
glycation end products, and activation of the renin-angiotensin system contribute to its development.® *These unique
pathological characteristics suggest that DN may share a distinct connection with Alzheimer’s disease (AD) that differs
from other NP subtypes.

AD is a progressive neurodegenerative disorder characterized by the gradual loss of memory and cognitive function.’
AD is the leading cause of global dementia. As of 2024, approximately 55 million people worldwide are affected by AD,
with this number projected to rise to 139 million by 2050 (https://www.alzint.org/about/dementia-facts-figures/). AD’s

core pathogenesis involves extracellular B-amyloid (AP) plaque deposition, intracellular hyperphosphorylated tau
neurofibrillary tangles, and neuroinflammation-induced neuronal loss. Clinical diagnosis follows the 2011 National
Institute on Aging-Alzheimer’s Association (NIA-AA) criteria, integrating clinical symptoms (progressive memory
decline and executive dysfunction), neuroimaging findings (hippocampal atrophy and positive AP positron emission
tomography), and cerebrospinal fluid biomarkers (reduced AP42/AP40 ratio and elevated phosphorylated tau).'® In
patients with AD, the interplay between pain and cognitive impairment is particularly prominent and is frequently
accompanied by comorbid chronic pain.'""'? Non-cancer chronic pain conditions are significantly positively associated
with AD and related dementias.'® In recent years, research on the association between NP and AD has increasingly
demonstrated subtype specificity. For example, a prospective cohort study (n = 120,000) found that non-metabolic NP
subtypes (such as idiopathic neuropathy) were associated with a 1.18-fold increased risk of AD (95% confidence interval:
1.05~1.32), whereas DN showed a potential inverse association with AD.'* These inconsistent findings underscore the
need for dedicated research into the causal relationship between DN and AD, rather than broadly examining the
association between NP and AD.

In AD, the hippocampus is among the earliest brain regions to undergo pathological and functional alteration,'> as
a key component of the limbic system, the hippocampus plays a critical role in both cognitive processing and pain
modulation.'® Certain regions affected by neurodegeneration in Alzheimer’s disease anatomically overlap with brain
networks involved in pain processing, particularly those selectively impacting key areas of the medial pain pathway.'’
Studies have shown that microglial activation is strongly associated with the onset and progression of NP, as peripheral
nerve injury can markedly activate microglia within the central nervous system, thereby inducing synaptic reorganization
and functional changes that lead to heightened pain sensitivity and disturbances in the emotional and cognitive processes
related to pain.'® The accumulation of B-amyloid (AB) plaques and hyperphosphorylated tau aggregates—central
neuropathological features of AD—has been shown to activate microglia, which in turn trigger pro-inflammatory
responses and contribute to both tau pathology and its subsequent propagation within the brain.'”** Collectively, the
interaction between neurons and microglia is considered critical for the development of chronic pain and
neuroinflammation.®> Although a bidirectional relationship between NP and AD has been proposed, the underlying
mechanisms and causal links remain unclear.

MR is a genetic epidemiological method used to infer causal relationships between modifiable risk factors (exposures)
and disease (outcomes) based on genetic variants.** By leveraging the random allocation of alleles during meiosis, MR
ensures that genotypes are independent of disease status and environmental confounders, thereby minimizing bias from
confounding and reverse causation.?” To validate MR study findings and delve deeper into molecular mechanisms, this
research integrated three key approaches: First, expression quantitative trait locus (eQTL) analysis identifies single
nucleotide polymorphisms (SNPs) regulating gene expression. Its core principle establishes links between genetic
variation and target gene expression levels, thereby revealing potential “genotype - expression - phenotype” causal
chain;*® second, the Genotype-Tissue Expressions (GTEx v10) project data, a large-scale public database covering
genotype and gene expression data from 50 human tissues (eg, brain, kidney) of 1,738 donors, providing reference for
annotating tissue-specific eQTLs;*’ third, transcriptome analysis identifies differentially expressed genes (DEGs) by
comparing gene expression differences between case and control groups, reflecting functional alterations under
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pathological conditions.?® However, the potential causal relationship between NP and AD has not yet been systematically
investigated using MR. Therefore, in our study, we employed bidirectional MR to explore the causal associations
between six common subtypes of NP and AD. Additionally, eQTL analysis and transcriptomic data were integrated to
validate the MR findings. These results may enhance our understanding of the shared pathophysiological mechanisms
between the two conditions and provide insights into novel therapeutic strategies.

Methods

MR Analysis
We applied two-sample MR approach to reflect potential causal relationship linking NP and AD. Within the MR
framework, six subtypes of NP were treated as exposures, with AD as outcome, and SNPs were utilized as instrumental
variables (IVs). Validity of two-sample MR is grounded on three core assumptions: (I) the relevance assumption, which
requires the IVs to have a strong association with the exposure (NP); (II) the independence assumption, stating that the
IVs should be unrelated to confounding variables; and (III) the exclusion restriction assumption, which holds that IVs
influence outcome (AD) solely through their impact on exposure, without alternative causal pathways (Figure 1).

We acquired genome-wide association (GWAS) summary data for six subtypes of NP, including diabetic neuropathy
(DN), drug-induced neuropathy, unspecified neuralgia, trigeminal neuralgia, postherpetic neuralgia, and sciatica, from the
FinnGen R12 database (https://r12.finngen.fi/), which primarily consists of individuals of European ancestry.”” SNP data

associated with AD risk were derived from large-scale GWAS that applied stringent criteria for the definition and
diagnosis of AD.’® GWAS primarily employ the 2011 NIA-AA diagnostic criteria, which integrate clinical symptoms
(progressive memory decline, executive dysfunction), neuroimaging findings (hippocampal atrophy, positive AP positron
emission tomography scans), and cerebrospinal fluid biomarkers (reduced AB42/AB40 ratio, elevated phosphorylated tau
protein). This multidimensional approach ensures the accuracy of AD case diagnoses.'” The original GWAS dataset was
obtained from the Psychiatric Genomics Consortium (PGC; https://pgec.unc.edu/for-researchers/download-results/), com-

prising total sample size of 1,126,563 individuals, including 90,338 cases and 1,036,255 controls, all of European
ancestry (Table S1). The GWAS dataset for DN included 3,862 cases and 92,612 controls.

In the MR analysis, IVs were used to reflect potential causal relationships about exposures and outcomes. SNPs
associated with DN and sciatica were initially selected as IVs using genome-wide threshold of P < 5 x 10°®. For
remaining four types of NP, namely drug-induced neuropathy, unspecified neuralgia, trigeminal neuralgia, and post-
herpetic neuralgia, a more lenient significance threshold of P <5 x 10~® was applied because the number of genome-wide
significant SNPs was limited. To ensure independence among SNPs, linkage disequilibrium (LD) pruning was performed
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Figure | Bidirectional Mendelian Randomization Framework: Neuropathic Pain and Alzheimer’s Disease.
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with 1* <0.001 and a linkage disequilibrium distance >10,000 kb. Besides, we calculated the F statistic for each SNP
using the formula F=p*/SE>—where B (regression coefficient) and SE (standard error) were derived from NP’s GWAS
meta-analysis data, specifically reflecting the association strength and sampling error between each SNP and its
corresponding NP subtype (eg, DN, trigeminal neuralgia).>' This study employed five MR analysis methods (MR-
Egger regression, weighted median method, inverse variance weighting (IVW), simple model method, weighted model
method) to systematically evaluate the potential causal relationship between each NP subtype and AD. Among these, the
IVW method was selected as the primary analysis strategy, primarily because: when core MR assumptions (eg, no
horizontal pleiotropy, strong association between instrumental variables and exposure) hold, IVW statistically outper-
forms other methods by variance-weighted integration of all valid instrumental variables’ association effects.
Furthermore, this choice aligns with methodological selections in comparable MR studies (eg, analyses linking metabolic
disorders to neurodegenerative diseases), facilitating cross-study comparability of results.>* To assess the stability of the
results, multiple sensitivity analyses were conducted. Heterogeneity among the selected SNPs was evaluated through
Cochrane’s Q test, where P < 0.05 was considered to reflect significant heterogeneity.*®> Additionally, we employed MR-
Egger intercept to assess possibility of directional pleiotropy, while leave-one-out analysis was carried out to determine
effect of each individual SNP and to test the robustness of the causal estimates.***> All MR analyses were conducted
with TwoSampleMR package under R version 4.3.2.

eQTL Annotation Analysis

We employed expression quantitative trait loci (eQTL) data obtained from 50 human tissues included in version 10 of
Genotype-Tissue Expression (GTEx) project,>® which provides a comprehensive view of tissue-specific gene expression
differences. In establishing SNP-gene associations, we focused on identifying genes significantly associated with the
SNPs identified through MR analysis. A stringent threshold of g-value < 0.05 was employed to manage the false
discovery rate, thereby ensuring the statistical robustness of our findings. Ultimately, 15 SNPs were identified as being
significantly correlated with gene expression levels. These SNPs serve as important genetic markers for exploring gene
regulatory mechanisms and disease associations, highlighting the critical role of eQTL analysis in elucidating gene
function and advancing genetic association studies.

Transcriptomic Differential Expression Analysis

We retrieved transcriptomic data relevant to DN originating from the Gene Expression Omnibus (GEO) database®’
(accession number: GSE156184). In this dataset, stromal cells derived from normal human prostate tissue (PSC27) were
cultured in complete stromal medium supplemented with 10% fetal bovine serum until approximately 1,000,000 cells
were obtained. Cellular senescence was induced by treating the cells with 50 pg/mL bleomycin (BLEO) for 12 hours.
Afterward, the medium was replaced and 100 uM a-lipoic acid (ALA) was added to suppress the senescence-associated
secretory phenotype (SASP). The original aim of the experiment was to evaluate the in vitro therapeutic potential of ALA
—an antioxidant with no sedative properties—on human senescent cells. Although prior evidence supports the efficacy
of ALA in improving diabetic neuropathy, this study further investigated its potential application in aging-related
conditions. For transcriptomic analysis, RNA-seq data from three biological replicates of both the control (CTRL) and
BLEO-treated groups, which served as a model for DN, were analyzed to detect differentially expressed genes between
pre- and post-neuropathic conditions.

We employed HISAT2*® to align paired-end RNA-seq reads to human reference genome hg38 (GRCh37). The
resulting alignment files were processed using SAMtools,®” and gene-level expression counts were obtained using
featureCounts.*® We subsequently performed differential expression analysis with the DESeq2 package,*' which enabled
the identification of genes exhibiting significant expression changes related to DN. This study employs “adjusted P < 0.05
and |log, fold change (FC)| > 1” as the screening criteria for differentially expressed genes, based on the following: @ |
log,FC| > 1 indicates at least a twofold difference in gene expression between the case and control groups (>2-fold
upregulation or <0.5-fold downregulation). This threshold balances statistical significance with biological relevance,
preventing the inclusion of genes with minor expression changes lacking functional significance; @ This criterion is the
default threshold recommended by DESeq2 software and is widely adopted in DN-related transcriptomics studies,
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ensuring methodological consistency of results.***** In conjunction with analysis of the bidirectional relationship
between NP and AD, two genes were identified in each direction whose expression levels were significantly upregulated
following the onset of DN. Further investigation of these differentially expressed genes may help uncover the potential
molecular links between DN, pain, and AD, thereby providing a theoretical foundation for the development of targeted
therapeutic strategies. Raw gene count data used for DESeq2 differential expression analysis were derived from the
transcriptomic dataset and are provided in Table S2.

Gene Ontology (GO) Enrichment Analysis

Gene Ontology (GO) enrichment analysis was applied to systematically characterize and elucidate the biological
functions of the candidate gene sets identified in this study.** Based on the SNP—eQTL association analysis, 15 key
genes (FDR < 0.05) were subjected to functional analysis across the three GO domains: Molecular Function (MF),
Biological Process (BP), and Cellular Component (CC), using the GO TermFinder tool (v1.4.3). Hypergeometric tests
were applied during the analysis, and multiple testing correction was performed using Benjamini—Hochberg procedure,
with significance defined as an adjusted p-value (g-value) < 0.05. Similarly, the genes significantly upregulated and
downregulated in the transcriptomic differential expression analysis were analyzed separately using the same approach.

Statistical Analysis
All statistical analyses were conducted using R (version 4.3.2). The significance thresholds, statistical tests, and software
packages employed for each analysis are summarized below.

For Mendelian Randomization Analysis

The IVW method served as the primary analysis for causal inference. A significance threshold of P < 0.05 was applied
for the IVW result. The strength of instrumental variables was assessed using the F-statistic, with F < 10 indicating
a weak instrument. Heterogeneity was evaluated using Cochran’s Q test (P < 0.05 indicating significance), and potential
horizontal pleiotropy was assessed via the MR-Egger intercept test (P < 0.05 indicating significance). All MR analyses
were performed using the TwoSampleMR package.

eQTL Annotation Analysis

A FDR-adjusted g-value < 0.05 was used as the significance threshold for identifying SNP-gene associations.

Transcriptomic Differential Expression Analysis
Differential gene expression analysis was performed using DESeq2. Genes with an adjusted P-value <0.05 and [log,FC| > 1
were considered significantly differentially expressed.

Gene Ontology Enrichment Analysis

Enrichment of GO terms was evaluated using a hypergeometric test with Benjamini-Hochberg correction. Terms with an
adjusted g-value < 0.05 were deemed significantly enriched. The analysis was implemented with the GO TermFinder tool
(v1.4.3). According to the relevant national regulations and the review of our Ethics Committee, the study met the
requirements for exemption from ethical review.

Results
MR Analysis Results

MR analysis revealed distinct causal relationship between DN and AD among six subtypes of NP.

In the two-sample MR framework, SNPs were used as IVs, NP served as exposure, and AD was defined as outcome.
According to IVW method with significance threshold of P < 0.05, DN was found to have a protective effect against AD,
with odds ratio (OR) of 0.86 and 95% confidence interval (CI) of 0.77~0.95 (Figure 2).
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Exposure Outcome Method N.SNPs OR.95.CI. P.Value
Diabetic_neuropathy Alzheimer's Disease MR Egger 3 —— 0.98(0.73-1.30) 0.8961
Weighted median 3 HE 0.86(0.80-0.91) 2.366e-06
Inverse variance weighted 3 HE 0.86(0.77-0.95) 0.0043
Simple mode 3 - 0.83(0.74-0.92) 0.0798
Weighted mode 3 i 0.86(0.80-0.92) 0.0467
Drug-induced_neuropathy Alzheimer's Disease MR Egger 3 '-“-' 0.96(0.81-1.13) 0.7189
Weighted median 3 “ 1.02(0.98-1.07) 0.2348
Inverse variance weighted 3 '.‘~ 1.02(0.98-1.05) 0.3368
Simple mode 3 ':* 1.02(0.97-1.08) 0.4577
Weighted mode 3 '* 1.03(0.98-1.07) 0.3729
Unspecified_neuralgia Alzheimer's Disease MR Egger 16 "L‘ 1.00(0.92-1.09) 0.9392
Weighted median 16 '-'! 0.97(0.92-1.02) 0.2415
Inverse variance weighted 16 *1 0.96(0.92-1.00) 0.0521
Simple mode 16 - 0.93(0.85-1.00) 0.0836
Weighted mode 16 H' 0.97(0.90-1.04) 0.4007
Trigeminal_neuralgia Alzheimer's Disease MR Egger 10 H 0.99(0.92-1.07) 0.8315
Weighted median 10 ".' 0.99(0.94-1.04) 0.6763
Inverse variance weighted 10 ".' 0.99(0.95-1.04) 0.77
Simple mode 10 Ge 1.00(0.92-1.09) 0.9836
Weighted mode 10 'T‘ 1.00(0.93-1.07) 0.9747
Postherpetic_neuralgia Alzheimer's Disease MR Egger 7 '_.—' 1.04(0.89-1.22) 0.6147
Weighted median 7 * 1.00(0.96-1.04) 0.9558
Inverse variance weighted 7 * 1.00(0.96-1.05) 0.8474
Simple mode 7 -'-' 1.05(0.97-1.15) 0.2849
Weighted mode 7 o) 0.98(0.94-1.03) 0.4466
Sciatica Alzheimer's Disease MR Egger 9 '—-v—‘ 0.85(0.35-2.04) 0.7236
Weighted median 9 == 0.99(0.82-1.20) 0.9467
Inverse variance weighted 9 H." 0.99(0.86-1.14) 0.9183
Simple mode 9 '—!—‘ 0.96(0.72-1.27) 0.7887
Weighted mode 9 —rt 0.97(0.73-1.28) 0.8229

05 1 2 25 3

Low risk High risk

Figure 2 Forest plot with neuropathic pain as exposure.

MR analysis demonstrated a causal association whereby increased risk of DN was linked to a decreased risk of AD, as
supported by multiple analytical approaches (Pumrpgger = 0.8961, Pycighted-median = 237107, Pryw = 0.0043,
Pgimple mode = 0.0798, Pycighted mode = 0.0467; Figure 2, Table S3). Assessment of heterogeneity showed Cochran’s Qumr-ggger
=3.6867 (P =0.0582) and Qpyw= 6.8416 (P =0.0327). Since P < 0.05 indicated potential heterogeneity, a random-effects [VW
model was adopted, which yielded consistent and robust results in comparison with the fixed-effects model (Table S3).
Furthermore, MR-Egger regression was conducted to evaluate potential horizontal pleiotropy, and the intercept test produced
a P-value of 0.5154, indicating no substantial pleiotropic bias among the instrumental variables.

In reverse MR analysis, with AD considered as exposure and NP as outcome, we observed a marginally significant
association between AD and sciatica (OR = 0.97, 95% CI: 0.95~1.00; Pyr-ggger = 0.1353, Puyeighted median = 0.2881,
Pryw = 0.0178, Pgimpie mode = 0.4104, Pyciohicd mode = 0.1224), suggesting a potentially weak protective effect.
Heterogeneity and horizontal pleiotropy tests were not statistically significant (Cochran’s Q test P = 0.5461; MR-Egger
intercept P = 0.5587) (Figure 3, Table S3). Comprehensive Mendelian randomization results can be found in Tables S1 and
S3-S7, as well as Figure S1-S4.

eQTL Analysis Results

As shown in Table 1, SNPs associated with the broader phenotype of NP—the context for our specific focus on DN—
exert eQTL effects primarily in the cerebellum and peripheral tissues. For instance, rs9789699 regulates the expression of
ANXAA4 in the cerebellum, a finding relevant to DN as it suggests that painful diabetic states may influence cognition and
motor coordination through cerebellar mechanisms. Other SNPs, such as rs2811465 and rs9267659, modulate the
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Exposure Outcome Method N.SNPs OR.95.CI. P.Value
Alzheimer's Disease Diabetic_neuropathy MR Egger 30 ) 1.04(0.88-1.23) 0.6139
Weighted median 30 'f—- 1.05(0.97-1.14) 0.2115
Inverse variance weighted 30 '-é—‘ 1.00(0.87-1.14) 0.9597
Simple mode 30 '-"H 0.94(0.82-1.08) 0.3976
Weighted mode 30 H 1.04(0.97-1.11) 0.3113
Alzheimer's Disease Drug-induced_neuropathy MR Egger 30 '—H 0.95(0.73-1.23) 0.6863
Weighted median 30 r——‘:—' 0.91(0.66-1.25) 0.5472
Inverse variance weighted 30 '—"—' 0.98(0.79-1.21) 0.8417
Simple mode 30 '—'—' 0.91(0.52-1.60) 0.7511
Weighted mode 30 '—{—' 0.96(0.75-1.22) 0.7260
Alzheimer's Disease Unspecified_neuralgia MR Egger 30 '-*:-' 0.98(0.87-1.11) 0.7466
Weighted median 30 '-‘:-' 0.98(0.89-1.09) 0.7376
Inverse variance weighted 30 '-"" 0.98(0.89-1.08) 0.7260
Simple mode 30 '—‘—' 1.01(0.80-1.27) 0.9433
Weighted mode 30 '+' 0.97(0.89-1.07) 0.5963
Alzheimer's Disease Trigeminal_neuralgia MR Egger 30 ":-' 1.02(0.93-1.12) 0.6368
Weighted median 30 -i* 1.02(0.92-1.13) 0.7227
Inverse variance weighted 30 '*-' 1.01(0.94-1.09) 0.7401
Simple mode 30 '—-g-c 0.93(0.76-1.13) 0.4626
Weighted mode 30 H 1.00(0.92-1.09) 0.9763
Alzheimer's Disease Postherpetic_neuralgia MR Egger 30 '—:—¢ 0.91(0.75-1.11) 0.3653
Weighted median 30 -—- 0.87(0.71-1.07) 0.1958
Inverse variance weighted 30 '—:- 0.97(0.83-1.14) 0.7265
Simple mode 30 '—E—~ 0.85(0.56-1.27) 0.4277
Weighted mode 30 '—l' 0.86(0.70-1.06) 0.1627
Alzheimer's Disease Sciatica MR Egger 30 4 0.98(0.95-1.01) 0.1353
Weighted median 30 'f 0.98(0.95-1.01) 0.2881
Inverse variance weighted 30 '{ 0.97(0.95-1.00) 0.0178
Simple mode 30 n:' 0.98(0.92-1.03) 0.4104
Weighted mode 30 0.98(0.95-1.01) 0.1224

- =

T ]
2 25 8
Low risk High risk

0.5

Figure 3 Forest plot with Alzheimer’s disease as exposure.

expression of RHO and CYP21A42, respectively, implicating pathways related to immune and metabolic processes that are
highly pertinent to the pathogenesis of DN. These findings indicate that genetic factors contributing to NP may
influence AD pathology indirectly via systemic metabolic and immune regulation, a mechanism that likely underlies
the DN-AD relationship.

Conversely, AD-associated SNPs show significant eQTL effects in both central and peripheral nervous system tissues,
regulating expression of genes involved in neuronal function and inflammatory responses. For example, rs11218343
modulates SORL1 expression in the tibial nerve, suggesting that the genetic predisposition to AD may contribute to the
pathogenesis of peripheral neuropathies, including DN, through peripheral neural pathways. Additionally, rs679515 is
associated with the expression of CR1 across multiple brain regions, including the frontal cortex, hippocampus, and
spinal cord, highlighting the role of central immune modulation in the interaction between AD and pain conditions such
as DN. Furthermore, rs7584040 influences the expression of BIN1 in peripheral tissues such as the skin and endocrine
organs, supporting the hypothesis that AD-related genetic variants may affect susceptibility to painful neuropathies like

DN via systemic and neuroinflammatory pathways.

Results of Differential Gene Expression Analysis
Based on the GSE156184 dataset (a model of DN), transcriptomic differential expression analysis identified a total of
3,414 significantly upregulated genes and 1,762 significantly downregulated genes. The distribution of these genes is

presented in Figure 4. In accordance with the findings from MR and eQTL annotation, candidate genes with potential
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Table | Bidirectional eQTL-Linked Causal SNPs Between Alzheimer’s Disease and Neuropathic Pain

SNP Gene(s) Tissue(s) Involved Direction
rs11218343 SORLI Nerve Tibial AD — NP
rs34294852 | TNIPI Whole Blood, Esophagus Mucosa AD — NP
rs34857299 GPC2, FAM200A Adrenal Gland, EBV-transformed lymphocytes AD — NP
rs3740688 CELFI Muscle Skeletal AD — NP
rs679515 CRI Brain Frontal Cortex (BA9), Caudate, Nucleus Accumbens, Cortex, Spinal Cord (Cl), | AD — NP
Hippocampus
rs7584040 BINI Skin (Suprapubic, Lower Leg), Artery Tibial, Uterus, Pituitary, Adrenal Gland AD — NP
rs11865086 KCTDI3 Cultured Fibroblasts NP — AD
rs2074483 ENSG00000280128 Brain Cerebellar Hemisphere NP — AD
rs9789699 ANXA4, Brain Cerebellum, Pancreas NP — AD
ENSG00000289250
rs2811465 RHO Brain Cerebellar Hemisphere NP — AD
rs28537856 ENSG0000024 1666 Minor Salivary Gland NP — AD
rs9267659 CYP21A2 Brain Putamen, Nucleus Accumbens, Colon Transverse NP — AD
rs187658700 | MTDHPI Artery Aorta NP — AD

Abbreviations: eQTL, expression Quantitative Trait Loci; SNP, Single Nucleotide Polymorphism; AD, Alzheimer’s Disease; NP, Neuropathic Pain; BA9, Brodmann Area 9;
EBV, Epstein-Barr Virus; SORLI, Sortilin-Related Receptor I; TNIPI, TNFAIP3 Interacting Protein I; GPC2, Glypican 2; FAM200A, Family With Sequence Similarity 200
Member A; CELFI, CUGBP Elav-Like Family Member |; CRI, Complement Component Receptor |; BINI, Bridging Integrator |; KCTDI3, Potassium Channel
Tetramerization Domain Containing 13; ANXA4, Annexin A4; RHO, Ras Homolog Family Member O; CYP21A2, Cytochrome P450 Family 21 Subfamily A Member 2;
MTDHPI, Mitochondrial Dihydroorotate Dehydrogenase Pseudogene |.

causal relevance were marked on the volcano plot using purple diamond symbols. Under bleomycin (BLEO) treatment
conditions, which model fibrotic neuropathic damage akin to DN, we observed a significant upregulation of FAM200A
and GPC2. These genes, identified through our NP-focused analysis, are causal candidates implicated in the relationship
between AD and NP, and thus are of direct relevance to understanding the AD-DN link. In the reverse direction, where
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Figure 4 Transcriptomic landscape of diabetic neuropathy-related genes. Volcano plot shows differential gene expression between bleomycin-treated (BLEO, diabetic
neuropathy model) and control cells. Significantly up-regulated (blue) and down-regulated (yellow) genes are defined by |Log,FC| > | and FDR < 0.05 (dashed lines). Purple
diamonds highlight candidate genes (FAM200A, GPC2, CYP21A2, MTDHPI) identified through MR and eQTL analyses. Numerical values represent Log, fold change and
FDR for labeled genes.
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NP potentially influences AD, the expression levels of CYP21A2 and MTDHP1 were also markedly elevated in this DN
model. These differentially expressed genes may participate in molecular response pathways induced by DN and

potentially mediate the shared pathological mechanisms between NP and AD, with specific implications for DN.

Detailed results are provided in Table S8.

Results of GO Analysis

To systematically investigate potential biological functions of differentially expressed genes (DEGs) in context of DN

and its association with AD, we performed GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

enrichment analyses. The results are presented on Figures 5 and 6.
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Figure 5 GO enrichment analysis of differentially expressed genes. GO terms with significant enrichment among DEGs were categorized into Biological Process (BP),
Cellular Component (CC), and Molecular Function (MF). The x-axis indicates the number of genes enriched in each term, and the color gradient reflects the adjusted p-value
(p-adjust), with darker colors indicating higher statistical significance.
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Figure 6 Differentially expressed genes underwent KEGG pathway enrichment analysis. The x-axis represents the number of genes involved in each pathway, while the
color gradient denotes the adjusted p-value.

The GO enrichment analysis revealed that DEGs were enriched in several BP, including macroautophagy, mitochondrial
organization, and rRNA metabolic process. These terms suggest that the identified genes may participate in maintaining
mitochondrial homeostasis, protein degradation, and cellular stress responses, thereby contributing to neural stability.

In CC category, DEGs were predominantly found enriched in structures associated with cellular adhesion and
membrane-related systems, including cell-substrate junctions, focal adhesions, lysosomal membranes, and vacuolar
membranes. This indicates that these genes are likely localized to cytoskeletal and membrane-bound organelles and
may be involved in cell adhesion, material transport, and metabolic regulation.

In MF category, DEGs were predominantly enriched in protein kinase activity, such as protein serine/threonine kinase
activity, as well as in GTPase-related functions, including GTPase binding and GTPase regulator activity. These findings
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indicate that the genes are probably engaged in various signaling pathways governing the cell cycle, immune functions,
and synaptic activity. Detailed enrichment results for all six GO subclasses are shown in Tables S9-S14.

KEGG pathway analysis showed that DEGs were broadly associated with pathways related to neurodegenerative
diseases and inflammation. The most significantly enriched terms included pathways of neurodegeneration—multiple
diseases, AD, Huntington disease, and amyotrophic lateral sclerosis, suggesting that these genes may play shared roles
across a range of neurological disorders. In addition, DEGs were mapped to several key signaling pathways, such as
MAPK, Hippo, and mTOR pathways, which are known to regulate cell proliferation, apoptosis, and autophagy. These
pathways may contribute to neuronal repair processes and inflammatory responses. Notably, pathways related to
endoplasmic reticulum protein processing and autophagy also showed significant enrichment. This suggests that path-
ways associated with protein homeostasis and cellular clearance may play crucial roles in the overlap between DN
and AD. These findings support the hypothesis that metabolic and proteostatic regulation are potential mediators linking
the two disease processes.

Discussion

This study represents first systematic exploration of the potential causal association and underlying molecular mechanisms
between NP and AD by integrating bidirectional MR analysis, €QTL annotation, and transcriptomic differential expression
analysis. Among the six common NPs analysed, we found a potential causally protective relationship between DN and AD, an
anomalous finding that breaks the traditional paradigm that chronic pain commonly exacerbates AD.'? To further assess the
biological plausibility of this association, we incorporated eQTL data from the GTEx project and transcriptome data from the
GEO Public Repository. We found that the SNPs mediating this causal linkage were strongly associated with the expression of
several genes involved in metabolic regulation and neuroinflammatory pathways, and that the specific metabolic environment
of DN may generate compensatory biological pathways that coincidentally mitigate AD risk.

Among the six common types of NP analyzed, we identified a significant protective causal effect of DN on the risk
of AD. We further integrated transcriptomic data to analyze the expression patterns of key genes. Based on existing
literature and disease-related mechanisms, we propose that FAM2004, GPC2, CYP21A2, and MTDHPI may have
potential functional relevance in both AD and DN. The biological function of FAM200A remains unclear, but it may
be involved in post-translational protein modification or cellular stress responses, potentially participating in protein

quality control or stress-related signaling pathways,*>*’

which could influence the progression of AD. Notably, the
potential cross-talk of FAM200A in AD and DN can be explained by mechanisms regulating protein homeostasis.
Although autophagy has been implicated in the pathogenesis of DN, it may also promote the clearance of misfolded
proteins (eg, AP and tau) from the brain, which may have a protective effect on the pathology of AD.*® In AD, clearance
of abnormally folded AB and tau proteins relies on the ubiquitin-proteasome system (UPS) and autophagy pathways.*’ In
DN, a high-sugar environment induces accumulation of misfolded proteins within Schwann cells. If FAM2004 indeed
participates in post-translational modifications (eg, phosphorylation or ubiquitination), it may exert protective effects by
enhancing “abnormal protein clearance efficiency” in both diseases. This hypothesis requires subsequent validation
through Co-IP (co-immunoprecipitation) to confirm its interactions with autophagy-related proteins (eg, LC3, p62). If
FAM2004 is implicated in antioxidant defense or the metabolism of advanced glycation end-products, it may also play
a role in DN. GPC2, a member of the glypican family, regulates signaling pathways such as Wnt and FGF, and is
involved in neurodevelopment and synaptic plasticity.’®>? It may contribute to AD pathogenesis by modulating Wnt
signaling activity, thereby affecting tau phosphorylation or synaptic stability. Additionally, it may influence AP clearance
and modulate neuroinflammation and glial cell function. In the context of DN, GPC2 may promote axonal regeneration
or suppress inflammation by regulating Wnt signaling pathway. The bidirectional regulatory properties of the GPC2-
regulated Wnt pathway in AD and DN are key to its involvement in cross-talk mechanisms. In AD, Wnt pathway
inhibition leads to glycogen synthase kinase 3p (GSK-3f) activation, thereby exacerbating tau phosphorylation.>® In DN,
activation of the Wnt pathway promotes Schwann cell proliferation and axonal regeneration, thereby alleviating nerve
injury.”* In this study, the differential expression of GPC2 may exert a protective effect against AD by simultaneously
suppressing AD pathology and promoting DN nerve repair through upregulating Wnt pathway activity. CYP2142 is

a steroid synthase involved in adrenal hormone metabolism, and its dysfunction may cause hormonal imbalance,>>*
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which might exacerbate neuroinflammation or oxidative stress associated with AD, and could also potentially worsen
insulin resistance or vascular damage related to DN through disrupted hormone metabolism.>**® MTDHPI may
participate in folate metabolism or mitochondrial function, indicating that mitochondrial homeostasis might have
a pivotal role in the connection between DN and AD. These genes might influence both conditions through intersecting
mechanisms such as protein metabolism and clearance, regulation of metabolism and inflammation, and signaling
pathway interactions.®~®* Future studies employing gene editing, proteomics, and multi-omics approaches are required
to validate their specific functions and potential as therapeutic targets. Meanwhile, to provide a more intuitive repre-
sentation of the proposed mechanisms, we constructed a schematic diagram (Figure 7) to systematically illustrate the
potential roles of FAM200A, GPC2, CYP21A2, and MTDHP] in the context of AD and DN.

We conducted GO and KEGG pathway enrichment analyses on DEGs, which demonstrated their participation in
various aspects of cellular function. GO analysis revealed that candidate genes exhibited enrichment in BP categories,
including ribosome biogenesis, autophagy, vesicle transport, and mitochondrial regulation, suggesting their central
involvement in processes related to protein synthesis, degradation, and energy metabolism. Several key steps of
autophagy, such as autophagosome closure and lysosomal fusion, are regulated by proteins including GORASP2 and
mATG9, which are involved in vesicle maturation and trafficking, respectively.®**> Mitochondrial dysfunction is

Diabetic Neuropathy Alzheimer's Disease
(BLEO model) (BLEO model)
1 CYP21A2 1 MTDHP1 1 FAM200A 1 GPC2
regulated by rs9267659; regulated by rs187658700; regulated by rs34857299; regulated by rs34857299;
expressed in the putamen expressed in aorta expressed EBV- expressed in adrenal gland
and nucleus accumbens of transformed lymphocytes

the basal ganglia, and in the
transverse colon

Steroid metabolism — involved‘ in folate Oxidative stress and Wnt pathway — Tau
neuroinflammation / insulin m‘etahollsm.and . glycation-related phosphorylation / Synaptic
resistance puioehunduishiupction signaling stability / Axon repair
Neuroinflammation and metabolic stress Neuronal sensitization / Hyperexcitability
Supported by differential expression Supported by differential expression
analysis:TCYP21A2,tMTDHP1 analysis:TFAM200A,1GPC2

Diabetic Neuropathy may modulate neuroinflammation and metabolic stress via steroid and folate-related
pathways; AD-related genes may impair neuronal homeostasis and pain signaling through Wnt and stress
signaling pathways — suggesting a potential molecular interplay.

Hypothetical pathways based on transcriptomic analysis and literature evidence

Figure 7 Proposed molecular links between diabetic neuropathy and Alzheimer’s disease from transcriptomics.
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considered a critical factor in the pathogenesis of AD and is closely associated with impaired energy metabolism and
oxidative stress.®® The GO analysis results indicating “enrichment in autophagy and mitochondrial regulation pathways”
in this study align closely with the classic “energy metabolism-neurodegeneration” theory in the AD field. In AD
patients, reduced activity of mitochondrial respiratory chain complexes in neuronal mitochondria leads to insufficient
ATP production, while increased release of reactive oxygen species (ROS) further damages mitochondrial DNA.%’
Abnormal autophagy pathways lead to impaired clearance of damaged mitochondria (mitophagy), forming a vicious
cycle of “mitochondrial damage - ROS accumulation - autophagy suppression.” In DN, similar mitochondrial dysfunc-
tion and autophagy defects also result in reduced survival capacity of Schwann cells.®® This finding that abnormalities in
the mitochondrial-autophagy axis may represent a core pathological pathway shared by AD and DN also provides the
fundamental basis for the cross-regulatory role of DEGs in this study. In CC category, candidate genes were involved in
structures such as nuclear envelope, cytoskeleton, and adhesion junctions, highlighting their essential roles in maintaining
cellular structural integrity and in transmission of genetic information. For example, the nuclear envelope and nuclear
speckles are involved not only in nucleocytoplasmic transport but also in the regulation of RNA splicing and stress
responses.®” The results in MF category indicated that the associated genes are implicated in regulating ATP and GTP
metabolism, small GTPase signaling, and protein kinase phosphorylation, forming a molecular network that links energy
conversion to signal transduction. Small GTPases are activated through GTP/GDP exchange and play broad roles in
vesicle trafficking, inflammatory responses, and the regulation of cell polarity.’*”"

KEGG pathway analysis additionally indicated that the candidate genes might have essential roles in maintaining
cellular homeostasis and influencing disease progression. Notably, pathways such as cell cycle, Hippo, and mTOR are
jointly involved in maintaining the dynamic balance between cell proliferation and apoptosis, and their dysregulation is
closely associated with neurodegeneration and metabolic abnormalities.”*”® Ubiquitin-mediated protein degradation,
autophagy, and lysosomal pathways together form a protein quality control network essential for removing misfolded
proteins and damaged organelles, the dysfunction of which is a major pathological feature of AD and other neurode-
generative disorders.”*”” Additionally, the MAPK, Wnt, and hormone signaling pathways are involved in regulating
neural plasticity, metabolic homeostasis, and stress responses, suggesting the importance of the metabolism-neural axis in
the overlapping mechanisms between DN and AD.”*"*"® These pathways form a complex regulatory network through
modifications such as ubiquitination and phosphorylation, as well as molecular switches like GTPases, reflecting an
integrated pathological process from metabolic regulation to neurodegeneration.

Considering the significant protective effect of DN on AD revealed by bidirectional MR analysis, we propose that DN
may confer potential neuroprotective effects through various metabolic and inflammatory regulatory pathways. This
observation challenges the traditional notion that metabolic disorders universally worsen neurodegenerative pathology
and suggests that certain diabetes subtypes, particularly those complicated by neuropathy, may involve protective
mechanisms. From a clinical translation perspective, the discovery of DN’s protective effect holds significant practical
implications. Current early screening for AD primarily relies on cognitive function scales and cerebrospinal fluid
biomarkers (such as the AP42/AP40 ratio and p-taul81).” However, this study suggests that DN-related indicators
(such as peripheral nerve conduction velocity and pain scores) can serve as complementary markers for AD risk
assessment. For instance, in diabetic patients with DN, if the severity of peripheral nerve damage correlates inversely
with AD biomarker levels (requiring validation in subsequent cohort studies), DN-related clinical indicators could be
integrated into AD risk stratification models. This approach would facilitate precision management for patients with
metabolic-neurological comorbidities. Clinically, this study offers a novel perspective for the precise screening of high-
risk populations, particularly by identifying changes in pain sensitivity and peripheral nerve function during the
prodromal phase of AD. Such insights may facilitate early intervention to some extent. In future studies, we will
combine single-cell transcriptomics, spatial omics, and in vivo functional experiments to further validate the potential
roles of key genes in regulating neuroinflammation and preventing cognitive impairment. This will not only expand our
understanding of the interaction mechanisms between metabolic disorders and neurodegenerative diseases but also
provide theoretical support and strategic guidance for clinical identification of high-risk populations and the development
of multidimensional intervention targets. The clinical significance of our finding is not so much that induction of DN is
a therapeutic strategy for AD, but rather that the molecular pathways activated in the DN state may reveal novel,
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neuroprotective targets for pharmacological treatment. For example, agonists of the protective pathways identified here
could be explored without inducing the deleterious effects of full-blown neuropathy (eg, enhancing specific aspects of
autophagy or mitochondrial biogenesis). In addition, evaluating these identified genes or pathways could help stratify the
relative risk of ADD in diabetic patients, adding a new dimension to precision medicine. Future studies should prioritise
in vivo and in vitro functional validation of these candidate genes (eg, FAM200A, GPC2) to ultimately determine their
role in the DN-AD axis.

Although we systematically revealed the potential causal relationship and molecular mechanisms between DN and AD by
integrating MR, eQTL, and transcriptomic data, several limitations remain. First, eQTL data used were mainly derived from
healthy tissue samples in the GTEx database, which may not fully capture the true transcriptional regulatory features under
disease conditions. Second, although the transcriptomic data were obtained from publicly available high-quality datasets in
GEO database, sample heterogeneity and differences in experimental conditions, such as the bleomycin-induced model used
in this study, may affect the generalizability of the differentially expressed genes identified. Furthermore, although MR
analysis can partially avoid confounding factors and support causal inference, it cannot replace biological experimental
validation. Additionally, the GWAS data used were based on individuals of European ancestry, which may limit general-
izability to other populations. Therefore, functional experiments at the cellular or animal level are still needed to further clarify

the specific roles of candidate genes in neuropathological processes.

Conclusion

This study systematically evaluated the causal relationships between six common types of NP and AD using bidirectional
two-sample MR analysis. We observed notable inverse relationship between DN and the risk of AD, indicating a possible
protective effect. By integrating eQTL annotation and transcriptomic data, we identified several key genes regulated by
DN-associated SNPs that are specifically expressed in central and peripheral tissues, including FAM2004, GPC2,
CYP21A42, and MTDHPI. These genes are enriched in pathways related to mitochondrial function, autophagy regulation,
and inflammation, which may mediate the impact of DN on AD risk. This study is the first to construct a potential
molecular map linking DN and AD from the perspectives of genetic causality, gene regulation, and functional pathways,
providing new evidence to understand the intersecting mechanisms between NP and neurodegenerative diseases.
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