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Background

Observational studies suggested a bidirectional relationship between severe autoimmune type 2 diabetes and focal epilepsy. However, it remains debated whether and in which direction a causal association exists. This genetics-based study aimed to explore the relationships of severe autoimmune type 2 diabetes (T2DM) and focal epilepsy outcomes with two sample Mendelian randomization (TSMR) method.





Methods

Genetic instruments were obtained from large-scale genome-wide meta-analysis of severe autoimmune T2DM (Ncase = 452, Ncontrol = 2,744), and focal epilepsy (Ncase = 929, Ncontrol = 212,532) of European ancestry. A series of analyses were performed to select eligible genetic instruments robustly associated with each of the traits using summary-level statistics. Inverse variance weighted was used for primary analysis, with alternative 11 MR methods. A scatter plot was utilized to illustrate the association between single nucleotide polymorphism (SNP) effects on the exposure and SNP effects on the outcome. The Wald ratio for individual SNPs and their cumulative effects was depicted using a forest plot. And diagnostics and sensitivity analyses were used to evaluate if the causal estimates are robust to violations of MR underlying assumptions, including pleiotropy, heterogeneity assessment, and leave-one-out analysis. Then the results were validated using CURATED database of DisGeNET platform.





Results

For forward analysis, genetic predisposition to severe autoimmune T2DM was associated with an increased risk of focal epilepsy (Inverse variance weighted (IVW) method: OR = 1.11, 95% CI = 1.03-1.18, p = 0.012). For reverse analysis, there was no enough instrument variables of focal epilepsy on severe autoimmune T2DM. Further, the interrelation between severe autoimmune T2DM and focal epilepsy was demonstrated via variant-disease association network analysis using the instrument SNPs.





Discussion

This MR study supports a causal link between severe autoimmune T2DM and focal epilepsy. More effort should be made to screen seizure in severe autoimmune T2DM, unravel its clinical implications, and explore its role as a putative modifiable risk factor.
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Introduction

Emerging evidence suggests a compelling interconnection between severe autoimmune type 2 diabetes mellitus (T2DM) and focal epilepsy, paving the way for a deeper understanding of their complex relationship. Insights from preclinical studies have unveiled a deleterious reciprocal mechanism between type 2 T2DM and epileptic seizures (1). The coexistence of epilepsy and T2DM is frequently observed, and obesity has been recognized as a shared risk factor for both conditions. Remarkably, individuals with epilepsy exhibit reduced physical activity levels, thereby compromising the protective effects against obesity. Pertinent to both epilepsy and T2DM, impaired mitochondrial function and inadequate adiponectin levels play a prominent role (2). Moreover, a myriad of additional factors may contribute to the heightened susceptibility to seizures in individuals with T2DM, encompassing imbalances in excitatory and inhibitory neurotransmission, neuroinflammation, and metabolic alterations.

In the realm of human clinical studies, association between diabetes mellitus and epilepsy has been unveiled through comprehensive epidemiological investigations (1, 3, 4). Multiple studies have consistently reported this reciprocal relationship, elucidating its prevalence. A recent population-based study revealed a noteworthy 1.44-fold augmented risk of developing epilepsy in individuals affected by T2DM (1). However, it is crucial to acknowledge the inherent limitations of these retrospective investigations, as they are susceptible to confounding effects stemming from cerebrovascular insults, education levels, and the varied use of antiepileptic medications, which can exert diverse effects on neurological disorders. Moreover, the validity of these studies is restricted due to small sample sizes and the potential for confounding variables and reverse causality.

Given the close interconnection between severe autoimmune T2DM and focal epilepsy, it is imperative to establish a definitive causal association, as such an association would highlight a modifiable cause or a previously overlooked consequence of focal epilepsy. However, there is an ongoing debate regarding whether epilepsy leads to focal epilepsy or vice versa (5). In contrast to a causal relationship, it is also plausible that both conditions share a common underlying mechanism (such as neuroinflammation and neurovascular unit dysfunction). Moreover, retrospective studies may be constrained by the potential confounding effects. For instance, certain antiepileptic drugs, which might have a negative impact on cognition, are likely to contribute to the observed correlation between severe autoimmune T2DM and focal epilepsy.

Mendelian randomization (MR) applies genetic variants that exhibit robust associations with exposure as instrumental variables to ascertain the causal impact of a suspected exposure on the outcome. When the requisite assumptions are met, the MR technique mitigates numerous inherent limitations inherent in conventional observational studies, such as unobserved confounding and reverse causality (6).

In this investigation, we embraced a two sample MR approach to examine the relationship between severe autoimmune T2DM and focal epilepsy. We further explored the potential associations between candidate single-nucleotide polymorphisms (SNPs) and relevant diseases.





Methods




Data sources

This study is based on publicly accessible, summary-level genome-wide association study (GWAS) data. The summary statistics for severe autoimmune T2DM, and focal epilepsy did not contain any personal information, and the GWAS have obtained ethical approval from relevant ethics review boards. Through consistent research findings, T2DM has shown an observable clustering pattern, resulting in several distinct subtypes characterized by unique disease progression trajectories, varying risks of complications and partially distinct genetic backgrounds. Severe autoimmune T2DM summary statistics are available in the GWAS Catalog (www.ebi.ac.uk/gwas/) under accession no.GCST90026412 (7) (Ncase = 452, Ncontrol = 2,744, number of SNPs = 5,376,535). Of the participants, all had European Scandinavian ancestry. Severe autoimmune diabetes (6% of patients) were defined by the presence of glutamic acid decarboxylase autoantibodies with relatively low BMI, poor metabolic control, and insulin deficiency (8).

For the study on focal epilepsy, the summary statistics for the GWAS were acquired from the Medical Research Council Integrative Epidemiology Unit (IEU) Open GWAS project (https://gwas.mrcieu.ac.uk/datasets/finn-b-FE/) (Ncase = 929, Ncontrol = 212,532, number of SNPs = 16,380,452). Of the participants from FinnGen biobank analysis round 5, all had European ancestry. The FinnGen study is a large-scale genomics initiative that has analyzed over 500,000 Finnish biobank samples and correlated genetic variation with health data to understand disease mechanisms and predispositions. The project is a collaboration between research organizations and biobanks within Finland and international industry partners (9). Focal epilepsy was determined with ICD-10: G403 and ICD-8: 3453. Detailed information about the focal epilepsy subjects, endpoint definition, and statistical analysis have been described in the homepage of FINNGEN: https://r5.risteys.finngen.fi/phenocode/FE.

The MR investigation exclusively utilized published or publicly accessible GWAS data. Informed consent was procured from all participants involved in the initial genome-wide association investigations, as detailed in the original publications and consortiums.





Instrument selection

For the genetic instruments used in our TSMR analysis of severe autoimmune T2DM and focal epilepsy, we selected single-nucleotide polymorphisms (SNPs) that demonstrated a strong association with each respective exposure, applying a stringent significance threshold (p < 5 × 10-8) and an F-statistic greater than 10 to ensure robust instruments. To manage linkage disequilibrium (LD), we employed LD-based clumping with an r² threshold of 0.01 and a maximum distance threshold of 5,000 kilobases. This procedure ensured the selection of independent SNPs, thereby minimizing the risk of confounding due to correlated variants. Standard quality control procedures were implemented, including the assessment of imputation info score, call rate, Hardy-Weinberg equilibrium, and heterogeneity. We also applied Steiger filtering to confirm that the selected variants exhibited a stronger association with the outcome (focal epilepsy) than with the exposure (severe autoimmune T2DM) (10).

SNPs that were absent in the outcome dataset and lacked appropriate proxy SNPs were excluded from the analysis. We harmonized the remaining SNPs by aligning allele frequencies and ensuring that effect alleles were consistent between the exposure and outcome data. Non-biallelic and palindromic SNPs (A/T, G/C) were excluded unless strand ambiguity could be resolved. Additionally, SNPs with a minor allele frequency (MAF) of less than 0.01 were excluded to avoid potential low-confidence results. The final set of SNPs included in our analysis was carefully selected based on the criteria mentioned above. We prioritized SNPs that were both statistically significant and independent of other variants, ensuring a robust and unbiased set of instruments for the TSMR analysis. The use of stringent selection criteria and thorough quality control measures contributes to the validity and reproducibility of our findings.





MR assumptions and sensitivity analyses

We conducted a two-sample Mendelian randomization (TSMR) investigation to examine the causal relationships between severe autoimmune T2DM and focal epilepsy using data from the GWAS repository. The MR approach in our study adhered to three key assumptions, as illustrated in Figure 1. All instrumental variables used in our analyses demonstrated an F-statistic greater than 10, indicating minimal risk of weak instrument bias. Sensitivity analyses were performed, incorporating SNPs that passed the heterogeneity in Radial regression analysis (11). Twelve various techniques, including Maximum likelihood, MR Egger, MR Egger (bootstrap), Simple median, Weighted median, Penalized weighted median, Inverse variance weighted (fixed effects), Inverse variance weighted, Simple mode, Weighted mode, Weighted mode (NOME), and Simple mode (NOME) methods, were employed. Each method relied on distinct underlying assumptions.




Figure 1 | Schematic representation of the study’s design and procedural steps. To substantiate the presence of a causal relationship, specific conditions need to be satisfied: Assumption 1): the instrumental variables exhibit an association with the Severe autoimmune T2DM. Assumption 2): the instrumental variables are not associated with confounding factors. Assumption 3): the instrumental variables do not possess a direct connection with the Focal epilepsy.



To assess the impact of individual variants on the MR results, we conducted leave-one-out analyses, visualized through leave-one-out plots. Cochran’s Q statistic was used to detect heterogeneity. We also generated forest and funnel plots to evaluate heterogeneity and pleiotropy using MR Egger and Inverse Variance Weighted methods, with MR-Pleiotropy RESidual Sum and Outlier (MR-PRESSO) method applied to identify and correct for pleiotropy and outliers. MR Egger regression was employed to detect horizontal pleiotropy via the Egger intercept. Robustness against outliers and invalid instruments was ensured using median-based and mode-based methods. For cases with only one SNP as an instrument, the Wald ratio was reported.





Variant-disease associations

To explore the molecular underpinnings of human diseases, we retrieved the information in DisGeNET for a list of variants identified by the NCBI Short Genetic Variations database identifiers. DisGeNET is an open access platform meticulously amalgamating diverse resources focused on genes and variants associated with human diseases, along with valuable insights extracted through meticulous text mining of the scientific literature (12). By searching multiple variants in the default source CURATED database (containing human gene-disease associations provided by the human expert curated data resources), we plotted the variant-disease association network, variant-disease class heatmap, and variant-gene-disease association network (13). Disease-associated SNPs generally do not implicate target genes, as most disease SNPs are regulatory (14). To identify autonomous significant SNPs and assign them to respective genes, we employed the disgenet2r R package, distinguishing genomic loci devoid of linkage disequilibrium.





Statistical analysis

The main analyses were performed with R software (version 4.3.1) using the TwoSampleMR (15) (version 0.5.7), Mendelian Randomization (16) (version 0.9.0), MRPRESSO (17) (version 1.0), RadialMR (11) (version 1.1), and disgenet2r (12) (version 0.99.3) packages. We adhered to the Strengthening the Reporting of Observational Studies in Epidemiology using MR (Mendelian randomization) guideline to present our results (18). All hypothesis testing was carried out using a 2-sided approach, with a significance threshold set at p < 0.05. Codes are available on reasonable request.






Results




Effects of T2DM on focal epilepsy

Table 1 presents a comprehensive overview of the key characteristics pertaining to the contributing genome-wide association studies (GWAS). The Manhattan plots depicted in Figure 2 were used to display the relationship between all loci and their corresponding p values for the 22 chromosomes; the blue reference line represents the p value threshold of 1 × 10-5. Eight single nucleotide polymorphisms (SNPs) associated with severe autoimmune T2DM in the context of focal epilepsy reached genome-wide significant levels. These SNPs (rs17220157, rs2523677, rs2844697, rs2848711, rs28747023, rs3132136, rs3763321, and rs9273368) were strongly linked to severe autoimmune T2DM (p < 1 × 10-8) according to Table 2. The impact of severe autoimmune T2DM on focal epilepsy is illustrated in Figure 3. Notably, individuals with a genetic predisposition to severe autoimmune T2DM exhibited an increased risk of developing focal epilepsy, with an odds ratio (OR) of 1.11 (95% CI = 1.03-1.18, pIVW = 0.012) as shown in Table 3, Figures 3A, B. Extensive sensitivity analyses yielded consistent estimates in both magnitude and direction (pMaximum likelihood = 0.001, pEgger = 0.652, pEgger (bootstrap) = 0.064, pSimple median = 0.026, pWeighted median = 0.030, pPenalized weighted median = 0.021, pIVW (fixed effects) = 0.001, pIVW = 0.012, pSimple mode = 0.035, pWeighted mode = 0.054, pWeighted mode (NOME) = 0.030, pSimple mode (NOME) = 0.041). As no significant association between focal epilepsy and severe autoimmune T2DM was detected, the reverse MR analysis exploring the influence of focal epilepsy on severe autoimmune T2DM was not conducted.


Table 1 | GWAS datasets enrolled in the Mendelian Randomization study.






Figure 2 | The Manhattan plots of GWAS results of the (A) Severe autoimmune T2DM and (B) Focal epilepsy. The x-axis represents the SNPs locus on the chromosome, and the y-axis represents the p value of the SNPs locus. The red and blue reference lines represent -log10 logarithm of p values of 5  10-8 and 1 10-5, respectively. T2DM = type 2 diabetes.




Table 2 | The information for final eight instrumental variables.






Figure 3 | Association between severe autoimmune T2DM and focal epilepsy estimated by the TSMR. (A) Forest plot of focal epilepsy for each 1 SD increase of severe autoimmune T2DM risk. (B) Scatter plot showing the effect of genetic instruments on severe autoimmune T2DM risk against their effect on focal epilepsy according to 12 methods. (C) There was no substantial change of IVW causal estimate after removing any of the instrumental SNPs. (D) The funnel plot showed no asymmetry according to 12 methods.




Table 3 | Causal effects of severe autoimmune T2DM on focal epilepsy outcome estimated by 12 methods.



The majority of our pleiotropy robust methods are significant, suggesting that the presence of severe autoimmune T2DM is associated with increased risk of focal epilepsy. Despite the lack of significance with the Egger method (pEgger = 0.652, pEgger (bootstrap) = 0.064, pWeighted mode = 0.054), this approach accounts for horizontal pleiotropy at the expense of reduced statistical power and precision (19). Furthermore, the leave-one-out analysis bolstered these findings by revealing that the specific instrumental single nucleotide polymorphisms (SNPs) did not exert any influence on the causal effect (Figure 3C). The symmetry depicted in the funnel plot (Figure 3D) further indicated a negligible risk of directional pleiotropy.





Sensitivity analysis

In the IVW analysis we observed that the existence of severe autoimmune T2DM was causally associated with an increased risk of focal epilepsy. And, the majority of our sensitivity analysis are significant suggesting that our IVW estimated is unbiased. Furthermore, the MR-Egger causal estimate is insignificant. The robustness of our causal estimate is guaranteed by the lack of significant heterogeneity, horizontal pleiotropy, and outliers (Figures 3, 4).




Figure 4 | The Radial plots and Radial regression analysis for TSMR. (A) IVW Radial plot. (B) MR-Egger Radial plot. Both the IVW and MR Egger Radial MR methods identified no variants as potential outliers.



As shown in Table 4, the MR-Egger intercept had a p value of 0.828, indicating that there was no significant deviation from zero, and thus no evidence of directional pleiotropy. The MR-PRESSO test yielded a p value of 0.157, also suggesting the absence of significant pleiotropic effects. Additionally, no outlier SNPs were identified by MR-PRESSO. Furthermore, the heterogeneity tests conducted using Cochran’s Q statistic showed no significant heterogeneity, with p values of 0.069 for MR-Egger and 0.107 for the Inverse Variance Weighted (IVW) method.


Table 4 | Pleiotropy and heterogeneity assessment for significant results.



These findings are further supported by the radial plots (Figure 4), which showed no variants classified as outliers under the IVW Radial MR and MR-Egger Radial MR methods. The lack of significant pleiotropy and heterogeneity in these tests suggests that our causal estimates are unlikely to be biased by pleiotropic effects. The absence of significant pleiotropy in our analyses supports the validity of the causal relationship observed between severe autoimmune T2DM and focal epilepsy.





Variant-disease network

In UKBiobank ICD PheWeb platform (https://pheweb.org/UKB-SAIGE/) (20), rs17220157 (nearest gene: AL669918.1, HLA-DOB), rs2523677 (nearest gene: MICB), rs2844697 (nearest gene: SFTA2), rs2848711 (nearest gene: MICA), rs28747023 (nearest gene: HLA-DQB1), rs3132136 (nearest gene: PSMB9), rs3763321 (nearest gene: HLA-DRA), and rs9273368 (nearest gene: HLA-DQB1).

According to the variant-disease network plots of mapped genes in GWAS Catalog were rs2844697, rs3763321, and rs9273368 (Figures 5A-C). Analysis of the final three overlapped selected variant using a phenome-wide view (PheWAS) revealed a significant association with a range of traits related to the urinary system or lower digestive tract, as identified in the UK Biobank. These traits have been systematically organized and color-coded based on relevant biological categories, such as infectious diseases, neurological traits, or metabolic traits. The effect of the alternative allele on each trait is depicted by upward-facing triangles for positive effects and downward-facing triangles for negative effects (21). Figures 5D-F presents various perspectives on genetic association signals and key variants related to severe autoimmune T2DM in the UK Biobank association results as depicted in the PheWeb. And the PheWAS view provides additional support for the association of this locus with a range of diseases, including celiac disease, intestinal malabsorption (non-celiac), multiple sclerosis, type 1 diabetes, hypothyroidism, and rheumatoid arthritis.




Figure 5 | Human gene-disease associations and variant-disease associations from CURATED database of DisGeNET platform. (A) Variant-Disease Network. (B) Variant-Disease Class Heatmap. (C) Variant-Gene-Disease Network. (D-F) PheWAS view for variant rs2844697, rs3763321, and rs9273368. Traits are sorted andcolored according to a meaningful set of biological categories (e.g. celiac disease, intestinal malabsorption, metabolic). Direction of effect of the alternate allele’s association witheach trait is exhibited by upward-facing (positive effect) or downward-facing (negative effect) triangle.



Interestingly, in the case of the other prominent loci (both on chromosome 6), the regional and PheWAS views (rs2844697 near SFTA2, rs3763321 near HLA-DRA, and rs9273368 near HLA-DQB1) clearly indicate that these loci exhibit associations with celiac disease and intestinal malabsorption (non-celiac). Although less well-studied, rs2844697 is associated with various traits related to the digestive and urinary systems. The variant’s involvement in conditions such as intestinal malabsorption and its proximity to immune-related loci suggest it may play a role in the broader network of autoimmune diseases. rs3763321 (HLA-DRA) is located near the HLA-DRA gene, which is involved in immune system functioning. Our analysis showed that rs3763321 is associated with several immune-related diseases, including sarcoidosis and type 1 diabetes. The PheWAS analysis further supports its involvement in autoimmune conditions, such as celiac disease and hypothyroidism, indicating a potential shared genetic pathway that may also influence the risk of focal epilepsy. Similarly, rs9273368 is located near the HLA-DQB1 gene, another key player in immune regulation. This SNP has been associated with both type 1 and type 2 diabetes, as well as latent autoimmune diabetes in adults (LADA). The overlap between these associations suggests that the genetic predisposition to autoimmune diabetes may extend to other autoimmune-related conditions, including focal epilepsy.






Discussion

In this study, we have established a causal link between severe autoimmune T2DM and an increased risk of focal epilepsy, demonstrating the durability of this association through sensitivity analyses. Our study further reveals the causal connection between severe autoimmune T2DM and focal epilepsy, a relationship reinforced by sensitivity analyses and independently replicated using distinctive instrumental variables. While there exists evidence indicating a potential causal impact of severe autoimmune T2DM on focal epilepsy, our observations align with previous research (1, 22, 23). Significantly, research has revealed that individuals with a diagnosis of type 2 diabetes exhibit a 1.5-fold higher probability of developing epilepsy when compared to meticulously matched control individuals. Importantly, it has been observed that severe hypoglycemic episodes may contribute to an elevated risk of epilepsy; however, they do not modify the influence of type 2 diabetes in this context (1).

In our study, we utilized the DisGeNET platform to validate the findings from our Mendelian Randomization analysis by exploring the associations between the identified SNPs and a range of diseases (24). The variant-disease network analysis revealed significant associations for three key SNPs (rs2844697, rs3763321, and rs9273368) with various traits, particularly those related to the immune and endocrine systems. The variant-disease network analysis provides additional evidence that the SNPs identified in our study are biologically relevant and may contribute to the development of both severe autoimmune T2DM and focal epilepsy. The associations observed in the DisGeNET and PheWAS analyses support the hypothesis that shared genetic factors may underlie these two conditions, reinforcing the validity of our findings.

Previous study revealed markedly different genetic architectures between focal and generalized epilepsies (25). Prioritized candidate genes overlap with monogenic epilepsy genes and with targets of current antiseizure medications. A previous investigation underscored the advantages associated with the integration of diverse omics data in uncovering functional genes and potential regulatory mechanisms governed by local genetic variation. Prospective employment of collaborative omics data analyses is anticipated to enhance our comprehension of the biological pathways underlying T2DM and other prevalent medical conditions (25, 26). To date, GWASs have unveiled numerous loci linked to immune-related disorders (27). A recent investigation revealed concurrent links between disease susceptibility and blood immune cell-associated signals, highlighting intermediary quantitative traits that help bridge the gap between genetic variability and disease outcomes (28). And oxidative stress, identified as the primary pathogenic element in diabetes, represents a key initiator of endothelial dysfunction by diminishing nitric oxide levels via endothelial cell-selective adhesion molecule, which certified through mapping protein quantitative trait loci (29).

By elucidating the spectrum of characteristics attributed to each genetic locus, valuable insights can be gained in identifying loci that exert an impact on disease through shared mechanisms. This not only sheds light on expected associations among traits, but also reveals unforeseen connections. Undoubtedly, further investigations are imperative to establish conclusive statements regarding the roles of these loci. These investigations will encompass meticulous fine-mapping and colocalization methodologies, as well as the precise characterization of phenotypes associated with the relevant traits. Future extensive research on the potential repurposing of severe autoimmune T2DM for focal epilepsy treatment holds promise for providing invaluable understanding of the association between severe autoimmune T2DM and focal epilepsy (30). The present study has provided proof of the potential to identify alternate drugs with predicted efficacy if repurposed for epilepsy treatment.

This study has several limitations that should be considered. Firstly, the clinical diagnosis of severe autoimmune T2DM varied across different centers, which introduced the potential for inconsistencies. Secondly, the TSMR method employed in this study did not allow for the exploration of temporal effects. It remains unclear whether the epileptogenic process precedes, occurs simultaneously with, or follows the onset of severe autoimmune T2DM. Given recent evidence suggesting that seizures might predate severe hypoglycemia in severe autoimmune T2DM, further electrophysiological investigations are warranted in severe autoimmune T2DM patients at different disease stages. Thirdly, it is important to note that the participants in this study were of European ancestry. This focus limits the generalizability of our findings to other ethnic groups, as genetic backgrounds can vary significantly across different populations. The associations we identified between severe autoimmune T2DM and focal epilepsy may not fully capture the genetic diversity present in non-European populations. To assess the generalizability across diverse populations, future research utilizing GWAS data from other ethnicities, such as Biobank Japan and China Kadoorie Biobank, is essential. Expanding the research to include a broader range of genetic backgrounds will help determine whether the observed associations are consistent across different populations or if there are unique genetic factors at play in non-European groups. Furthermore, incorporating diverse populations into future studies will contribute to a better understanding of the global genetic architecture underlying severe autoimmune T2DM and focal epilepsy. This approach may also uncover population-specific variants and mechanisms that could be targeted for personalized medicine strategies.

Our study provides valuable insights into the potential causal relationship between severe autoimmune T2DM and focal epilepsy. These findings highlight the need for integrated management strategies that account for the bidirectional risks between these conditions. Future research should focus on examining these associations in diverse populations and investigating the underlying mechanisms through advanced genetic and electrophysiological studies. Additionally, our results suggest that severe autoimmune T2DM may be a modifiable risk factor for focal epilepsy, underscoring the importance of early identification and management of at-risk patients. The potential for repurposing existing drugs for the treatment of focal epilepsy presents a promising avenue for future therapeutic development.

The implications of these findings are significant for both research and clinical practice. Future studies should aim to validate our results across different ethnicities and explore the potential for personalized medicine approaches in managing patients with coexisting severe autoimmune T2DM and epilepsy. Moreover, clinicians should be aware of the increased risk of epilepsy in patients with severe autoimmune T2DM and consider incorporating epilepsy screening into routine care for these individuals.





Conclusion

In summary, our findings emphasize the importance of future research aimed at prevention and targeted management strategies for patients with severe autoimmune T2DM and focal epilepsy. These approaches could enhance patient care, reduce the burden of epilepsy, and improve long-term outcomes for individuals affected by these interconnected conditions.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Author contributions

HHW: Investigation, Writing – original draft, Methodology, Formal analysis, Data curation, Funding acquisition. KL: Writing – original draft, Software, Methodology, Data curation. YL: Formal analysis, Data curation, Visualization, Writing – review & editing. ZT: Writing – review & editing, Resources, Funding acquisition. ZZ: Investigation, Resources, Writing – review & editing. CZ: Investigation, Writing – review & editing. JG: Investigation, Writing – review & editing. HDW: Writing – review & editing, Visualization, Validation, Supervision. HX: Writing – review & editing, Visualization, Validation, Supervision, Funding acquisition, Project administration. YH: Writing – review & editing, Methodology, Supervision, Funding acquisition, Project administration.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was financially supported by the Medical Joint Fund of Jinan University (YXZY2024020, YXJC2024007), the National Natural Science Foundation of China (82402345, 82371998).




Acknowledgments

We want to acknowledge the many participants and investigators for collecting, contributing to the GWAS dataset, and making their GWAS summary statistics publicly available.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2024.1396912/full#supplementary-material




References

1. Lu, C-L, Chang, Y-H, Sun, Y, and Li, C-Y. A population-based study of epilepsy incidence in association with type 2 diabetes and severe hypoglycaemia. Diabetes Res Clin Pract. (2018) 140:97–106. doi: 10.1016/j.diabres.2018.03.020

2. Shlobin, NA, and Sander, JW. Drivers for the comorbidity of type 2 diabetes mellitus and epilepsy: a scoping review. Epilepsy Behav. (2020) 106:107043. doi: 10.1016/j.yebeh.2020.107043

3. Yun, C, and Xuefeng, W. Association between seizures and diabetes mellitus: a comprehensive review of literature. Curr Diabetes Rev. (2013) 9:350–4. doi: 10.2174/15733998113099990060

4. Mastrangelo, M, Tromba, V, Silvestri, F, and Costantino, F. Epilepsy in children with type 1 diabetes mellitus: Pathophysiological basis and clinical hallmarks. Eur J Paediatric Neurol. (2019) 23:240–7. doi: 10.1016/j.ejpn.2018.12.006

5. Ramos-Riera, KP, Pérez-Severiano, F, and López-Meraz, ML. Oxidative stress: a common imbalance in diabetes and epilepsy. Metab Brain Dis. (2023) 38:767–82. doi: 10.1007/s11011-022-01154-7

6. Davies, NM, Holmes, MV, and Smith, GD. Reading Mendelian randomisation studies: a guide, glossary, and checklist for clinicians. bmj. (2018) 362:k601. doi: 10.1136/bmj.k601

7. Mansour Aly, D, Dwivedi, OP, Prasad, RB, Käräjämäki, A, Hjort, R, Thangam, M, et al. Genome-wide association analyses highlight etiological differences underlying newly defined subtypes of diabetes. Nat Genet. (2021) 53:1534–42. doi: 10.1038/s41588-021-00948-2

8. Ahlqvist, E, Storm, P, Käräjämäki, A, Martinell, M, Dorkhan, M, Carlsson, A, et al. Novel subgroups of adult-onset diabetes and their association with outcomes: a data-driven cluster analysis of six variables. Lancet Diabetes Endocrinol. (2018) 6:361–9. doi: 10.1016/S2213-8587(18)30051-2

9. Kurki, MI, Karjalainen, J, Palta, P, Sipilä, TP, Kristiansson, K, Donner, KM, et al. FinnGen provides genetic insights from a well-phenotyped isolated population. Nature. (2023) 613:508–18. doi: 10.1038/s41586-022-05473-8

10. Hemani, G, Tilling, K, and Davey Smith, G. Orienting the causal relationship between imprecisely measured traits using GWAS summary data. PloS Genet. (2017) 13:e1007081. doi: 10.1371/journal.pgen.1007081

11. Bowden, J, Spiller, W, Del Greco, MF, Sheehan, N, Thompson, J, Minelli, C, et al. Improving the visualization, interpretation and analysis of two-sample summary data Mendelian randomization via the Radial plot and Radial regression. Int J Epidemiol. (2018) 47:1264–78. doi: 10.1093/ije/dyy101

12. Piñero, J, Ramírez-Anguita, JM, Saüch-Pitarch, J, Ronzano, F, Centeno, E, Sanz, F, et al. The DisGeNET knowledge platform for disease genomics: 2019 update. Nucleic Acids Res. (2020) 48:D845–55. doi: 10.1093/nar/gkz1021

13. Piñero, J, Bravo, À, Queralt-Rosinach, N, Gutiérrez-Sacristán, A, Deu-Pons, J, Centeno, E, et al. DisGeNET: a comprehensive platform integrating information on human disease-associated genes and variants. Nucleic Acids Res. (2016) 45:D833–9. doi: 10.1093/nar/gkw943

14. Gazal, S, Weissbrod, O, Hormozdiari, F, Dey, KK, Nasser, J, Jagadeesh, KA, et al. Combining SNP-to-gene linking strategies to identify disease genes and assess disease omnigenicity. Nat Genet. (2022) 54:827–36. doi: 10.1038/s41588-022-01087-y

15. Hemani, G, Zheng, J, Elsworth, B, Wade, KH, Haberland, V, Baird, D, et al. The MR-Base platform supports systematic causal inference across the human phenome. elife. (2018) 7:e34408. doi: 10.7554/eLife.34408

16. Yavorska, OO, and Burgess, S. MendelianRandomization: an R package for performing Mendelian randomization analyses using summarized data. Int J Epidemiol. (2017) 46:1734–9. doi: 10.1093/ije/dyx034

17. Verbanck, M. MRPRESSO: Performs the mendelian randomization pleiotropy RESidual sum and outlier (MR-PRESSO) test. [manual]. (2017) 50:693–8. doi: 10.1038/s41588-018-0099-7

18. Skrivankova, VW, Richmond, RC, Woolf, BA, Davies, NM, Swanson, SA, VanderWeele, TJ, et al. Strengthening the reporting of observational studies in epidemiology using mendelian randomisation (STROBE-MR): explanation and elaboration. bmj. (2021) 375:1614–21. doi: 10.1136/bmj.n2233

19. Bowden, J, Davey Smith, G, and Burgess, S. Mendelian randomization with invalid instruments: effect estimation and bias detection through Egger regression. Int J Epidemiol. (2015) 44:512–25. doi: 10.1093/ije/dyv080

20. Zawistowski, M, Fritsche, LG, Pandit, A, Vanderwerff, B, Patil, S, Schmidt, EM, et al. The Michigan Genomics Initiative: A biobank linking genotypes and electronic clinical records in Michigan Medicine patients. Cell Genom. (2023) 3:100257. doi: 10.1016/j.xgen.2023.100257

21. Gagliano Taliun, SA, VandeHaar, P, Boughton, AP, Welch, RP, Taliun, D, Schmidt, EM, et al. Exploring and visualizing large-scale genetic associations by using PheWeb. Nat Genet. (2020) 52:550–2. doi: 10.1038/s41588-020-0622-5

22. Chou, I-C, Wang, C-H, Lin, W-D, Tsai, F-J, Lin, C-C, and Kao, C-H. Risk of epilepsy in type 1 diabetes mellitus: a population-based cohort study. Diabetologia. (2016) 59:1196–203. doi: 10.1007/s00125-016-3929-0

23. Dafoulas, GE, Toulis, KA, Mccorry, D, Kumarendran, B, Thomas, GN, Willis, BH, et al. Type 1 diabetes mellitus and risk of incident epilepsy: a population-based, open-cohort study. Diabetologia. (2017) 60:258–61. doi: 10.1007/s00125-016-4142-x

24. Carroll, RJ, Bastarache, L, and Denny, JC. R PheWAS: data analysis and plotting tools for phenome-wide association studies in the R environment. Bioinformatics. (2014) 30:2375–6. doi: 10.1093/bioinformatics/btu197

25. Stevelink, R. GWAS meta-analysis of over 29,000 people with epilepsy identifies 26 risk loci and subtype-specific genetic architecture. Nat Genet. (2023) 55:1471–82. doi: 10.1038/s41588-023-01485-w

26. Xue, A, Wu, Y, Zhu, Z, Zhang, F, Kemper, KE, Zheng, Z, et al. Genome-wide association analyses identify 143 risk variants and putative regulatory mechanisms for type 2 diabetes. Nat Commun. (2018) 9:2941. doi: 10.1038/s41467-018-04951-w

27. Steri, M, Orrù, V, Idda, ML, Pitzalis, M, Pala, M, Zara, I, et al. Overexpression of the cytokine BAFF and autoimmunity risk. New Engl J Med. (2017) 376:1615–26. doi: 10.1056/NEJMoa1610528

28. Orrù, V, Steri, M, Sidore, C, Marongiu, M, Serra, V, Olla, S, et al. Complex genetic signatures in immune cells underlie autoimmunity and inform therapy. Nat Genet. (2020) 52:1036–45. doi: 10.1038/s41588-020-0684-4

29. Sun, BB, Maranville, JC, Peters, JE, Stacey, D, Staley, JR, Blackshaw, J, et al. Genomic atlas of the human plasma proteome. Nature. (2018) 558:73–9. doi: 10.1038/s41586-018-0175-2

30. Tien, N, Wu, T-Y, Lin, C-L, Chu, F-Y, Wang, CC, Hsu, CY, et al. Association of epilepsy, anti-epileptic drugs (AEDs), and type 2 diabetes mellitus (T2DM): a population-based cohort retrospective study, impact of AEDs on T2DM-related molecular pathway, and via peroxisome proliferator-activated receptor γ transactivation. Front Endocrinol. (2023) 14:1156952. doi: 10.3389/fendo.2023.1156952




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Wu, Liao, Li, Tan, Zhou, Zeng, Gong, Wang, Xu and Hu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-15-1396912-g003.jpg
rs2848711

rs28747023
rs17220157
rs2844697
rs9273368
rs3763321
rs2523677
rs3132136

All - Simple mode (NOME)
All - Weighted mode (NOME)
All - Weighted mode

All - Simple mode

SNP effect on Focal epilepsy

All - Inverse variance weighted
All - Inverse variance weighted (fixed effects)
All - Penalised weighted median

All - Weighted median
MR Test
Inverse variance weighted (fixed effects)

/ Inverse variance weighted

All - Simple median

All - MR Egger (bootstrap)

Maximum likelihood

/ MR Egger

MR Egger (bootstrap)

All - MR Egger

All - Maximum likelihood

0.6 0.9 1.2 / Penalised weighted median
MR estimate SNP effect on Severe autoimmune T2DM / Simple median

D / Simple mode

Simple mode (NOME)
/ Weighted median
Weighted mode
/ Weighted mode (NOME)

rs2523677

rs9273368

15

rs3763321

rs3132136

rs2844697

1/SEp

rs2848711

rs17220157

rs28747023

All

0.00 0.05 0.10 0.15 0.20
MR leave-one-out sensitivity analysis for -0.2 -0.1 0.0 0.1 0.2
Severe autoimmune T2DM on Focal epilepsy Brv





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Identifying the genetic association between severe autoimmune type 2 diabetes and the risk of focal epilepsy

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Data sources

          



          		

            Instrument selection

          



          		

            MR assumptions and sensitivity analyses

          



          		

            Variant-disease associations

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Effects of T2DM on focal epilepsy

          



          		

            Sensitivity analysis

          



          		

            Variant-disease network

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-15-1396912-g005.jpg
Variant-Disease Network

Diabetes Mcllitus.uulin-Dcpmdcm

Variant-Disease Class Heatmap Variant-Gene-Disease Network

Hemic and Lympratic Dsease.

Nurisnal and Metatole D.

©
\...,\

Parcentage
" 100
8 -
2 5
‘ & ,5
Endoaine Syskm Daeusis !
Diabetes Mclli‘lin-bcpcndcm
Latent Au\oimn‘bclcs in Adults \
Diabetes Mc"i.-lin-l)cpcndcm o S Do / Diabetes Mcllil\h‘»‘ulin-D&'Pcndml
HLA -AS|
"’ \
& s &
‘;@’? é&’) éﬁp Latent /\uloinm‘lbﬂcs in Adults
< <
Variants
rs2844697
150 Celiac disease . ; ; :
. Intestinal malabsorption (non-celiac)
M
2100
>
(-3
Kl
S 50
—
0 . 6 0
4 2 © 2, S > c “ % O % 2, [ [
% O Ry %, "5% e, L, %, % % S %, % %, ’6% o,
< 24 % > () i 2 Ve % 2 . %, % % R %
) % % ) 7, ) o, o % % % % s %, % % 2%
(&, % 00 oo L 0, \9,- % O oa O, e ')o ¢ 9' /o \3‘4 ‘9
. X 5 %, % % s %, 2 S 2 & S “
% % % % < < ) 2 % @, % % %
® % [ %
S % © e O % 2 S °
(<)) 06 N (D D, 2,. 4 >
®, 0, 2 7 7 .
> % 2, (o) Z
E G \9.(\ o(‘- S
rs3763321

-logio(p-value)

-value)

N w B [ I *))
o o o © o

10

200

-t
wv
o

-logo(p
8

w
o

Multiple sclerosis Wy

Type 1 diabetes . 4

Hypothyroidism NOS -&. Hypothyroidism

Celiac disease : Intestinal malabsorption (non-celiac)
Rheumatoid arthritis ,

Rheumatoid arthritis and other inflammatory polyarthropawies

% 2 S % 0 ’ S < % % ©, %, O %
% %, % %, % % % % % %, (3 . %, R %
2, o, K . O <, ® % e . % %
%, % %, %, % S % % % %% % X %, %,
% 2 % o, % 2 % % ° ) % %, ¢ %, % %,
& () 0, % o2 2 -, (9%
% ° % T S ¥ % z 2%, 7 S B %
% % % Ca Q Z, o 2 % o, % O
R % e " ) 2 %
()] 6 > (> D 0/,
< 9. % 2, .
° X %,
%
>
rs9273368
Celiac disease .4 . . .
A, Intestinal malabsorption (non-celiac)
Type 1 diabetes . 4
4 ® ) < K [y % ] %. e %
%, °°o %, 4@@ %% s, %, %, %, N %, 9%. %, % %, %,
Q}. 0/0 OQ Q, 0(:9/ ’o ), »O’o &Qo 6/0’ ol;é QJ", N % '}a \990 % O J\(‘o/
(o) <)) 7 O, (o) (A Z (7 >
% % % %, % < % % °, ® % ¢ B % %z
o L 2 ® () S, % ke 2 2 < Y
% K % % v S 2, 3 X o, % %
Q s ° % P
D, ’9 CN S ‘6 °) 2
Yo 6, > s’b %2 <.
> . %, ’(:’
(o N 7






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
SNP POS EA OA EAF B value SE p val

rs17220157 6 32787592 A G 0.077 1.280 0.134 1.82 x 107
152523677 6 31434801 T C 0.122 0.763 0.112 8.94 x 1072
152844697 6 30932309 T C 0.387 0.490 0.075 747 x 10"
12848711 6 31385629 G iy 0369 -0.496 0.076 7.07 x 10"
1528747023 6 32654807 A G 0136 -0.681 0.116 3.92x 107
153132136 6 32853987 A G 0422 0.565 0.095 333% 107
153763321 6 32406704 G T 0.826 0.826 0.096 754% 107
159273368 6 32626475 A G 0.35 0.985 0.075 6.65 x 107

CHR, chromosome; POS, position; EA, effect allele; OA, other allele; EAF, effect allele frequency; SE, standard error.





OEBPS/Images/fendo-15-1396912-g001.jpg
Confounder

Assumption 1 Exposure/Severe autoimmune type
2 diabetes

Genetic instruments/SNPs MR analysis Outcome/Focal epilepsy 4

KT ¥

-

Assumption 3






OEBPS/Images/table4.jpg
Directional pleiotropy Heterogeneity

p value Q statistic

MR Egger intercept 0.828 MR Egger 11.70 0.069

MR-PRESSO 0.157 Inverse variance weighted 11.80 0.107





OEBPS/Images/table3.jpg
Exposure Outcome Metho OR (95% CI) p value
Severe autoimmune T2DM Focal epilepsy Maximum likelihood 8 1.11 (1.05-1.17) 0.001
Severe autoimmune T2DM Focal epilepsy MR Egger 8 1.07 (0.79-1.36) 0.652
Severe autoimmune T2DM Focal epilepsy MR Egger (bootstrap) 8 1.11 (1.02-1.20) 0.064
Severe autoimmune T2DM Focal epilepsy Simple median 8 1.10 (1.02-1.19) 0.026
Severe autoimmune T2DM Focal epilepsy Weighted median 8 1.10 (1.01-1.18) 0.030
Severe autoimmune T2DM Focal epilepsy Penalised weighted median | 8 1.10 (1.02-1.18) 0.021
Severe autoimmune T2DM Focal epilepsy IVW (fixed effects) 8 1.11 (1.05-1.17) 0.001
Severe autoimmune T2DM Focal epilepsy vw 8 1.11 (1.03-1.18) 0.012
Severe autoimmune T2DM Focal epilepsy Simple mode 8 1.16 (1.05-1.27) 0.035
Severe autoimmune T2DM Focal epilepsy Weighted mode 8 1.13 (1.02-1.23) 0.054
Severe autoimmune T2DM Focal epilepsy Weighted mode (NOME) 8 1.13 (1.04-1.22) 0.030
Severe autoimmune T2DM Focal epilepsy Simple mode (NOME) 8 1.16 (1.04-1.28) 0.041

IVW, inverse variance weighted; NOME, NO Measurement Error.





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-15-1396912-g004.jpg
A B MR-Egger Radial

IVW Radial

Estimate e Variant — IVW

0 5 10 15 20 25

W

® variant — MR-Egger





OEBPS/Images/table1.jpg
GWAS ID Data source Population Sample size Number

of cases
Severe ebi-a- EBI database European 3,196 452 5,376,535 Males 2021
autoimmune GCST90026412 and Females
T2DM
Focal epilepsy finn-b-FE FinnGen biobank = European 213,461 929 16,380,452 Males 2021

and Females






OEBPS/Images/fendo-15-1396912-g002.jpg
Severe autoimmune T2DM

40 g 155273368

!
30 l
il
s
5 20
pe!
I
10

1572938852 = s i 373045
o rs7561852 1304177 : 0477 ofB12779131 111171722 g ST2CRGEAA 23830 f 904

r"‘*'?w = ]Q?T*'n wwww AT el

1 2 3 - 2 & £ 8 9 10 12 14 16 18 21

Chromosome

Focal epilepsy

o 140962191
° o rs189530539145% § 178050273

; ¢ £
‘ 145054306 ¢
o rS150020425% o 1S ¢ rs892520730 2 o 1026649917
rs78§16 4 rs763184 185183907
s < R i} @ = rs§g1 939 o ’i rs102@3027
L ]

%R o

¢ rS750873665

~logig(p)
AN WA OO N

o

1 2 4 6 8 11 T3 17 19 21

Chromosome





OEBPS/Images/fendo.2024.1396912_cover.jpg
& frontiers | Frontiers in Endocrinology

Identifying the genetic association between
severe autoimmune type 2 diabetes and the
risk of focal epilepsy





