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Objective

Previous observational studies have suggested an association between gut microbiota and diabetic neuropathy (DN). However, confounding factors and reverse causality make the causal relationship between gut microbiota and DN uncertain. We aimed to investigate the interactive causal relationships between the abundance of gut microbiota and DN.





Methods

We conducted a Mendelian randomization (MR) analysis to examine the causal relationship between gut microbiota and DN. Genomic data on gut microbiota at the genus level were obtained from the MiBioGen Consortium, including 18,340 individuals of European descent. Data on diabetic polyneuropathy (DPN) were obtained from the FinnGen Consortium, which included 1,048 cases and 374,434 controls, while data on diabetic autonomic neuropathy (DAN) were also obtained from the FinnGen Consortium, including 111 cases and 374,434 controls. Causal effects were primarily estimated using inverse variance weighted (IVW) analysis, supplemented with four validation methods, and additional sensitivity analyses to assess the pleiotropy, heterogeneity, and robustness of instrumental variables.





Results

The IVW analysis indicated that Prevotella 9 had a protective effect on DPN (OR = 0.715, 95% CI: 0.521-0.982, P = 0.038), and Bacteroides also showed a protective effect (OR = 0.602, 95% CI: 0.364-0.996, P = 0.048). On the other hand, Ruminococcus 2 had a promoting effect on DPN (OR = 1.449, 95% CI: 1.008-2.083, P = 0.045). Blautia (OR = 0.161, 95% CI: 0.035-0.733, P = 0.018), Clostridium innocuum group (OR = 3.033, 95% CI: 1.379-6.672, P = 0.006), and Howardella (OR = 2.595, 95% CI: 1.074-6.269, P = 0.034) were causally associated with DAN in the IVW analysis, with no evidence of heterogeneity or pleiotropy. Sensitivity analyses showed no significant pleiotropy or heterogeneity.





Conclusion

Our study identified a causal relationship between gut microbiota and the increased or decreased risk of diabetic neuropathy. These findings underscore the importance of adopting a comprehensive approach that combines gut microbiota modulation with other therapeutic interventions in the management of diabetic neuropathy.
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1 Introduction

Peripheral diabetic neuropathy (PDN) is a common complication of diabetes that results in functional damage to the peripheral nervous system, primarily caused by hyperglycemia. The majority of PDN cases are classified as diabetic polyneuropathy (DPN), which can cause pain, stinging, prickling sensations, and numbness that may progress to complete loss of sensation and motor dysfunction (1). Meanwhile, a portion of DN cases are categorized as diabetic autonomic neuropathy (DAN), which is associated with poor prognosis among patients who exhibit its symptoms.

While there are multiple factors that contribute to the development of DPN, including oxidative stress, accumulation of late glycation end products, blood flow disorders, and altered growth factor expression, chronic hyperglycemia-induced oxidative stress is considered a key mediator leading to the occurrence and progression of DPN (2, 3). Currently, effective therapies for PDN are rare, and thus, it is urgent to explore new treatment methods (4). Interestingly, not all diabetic patients develop neuropathy, and the underlying mechanism remains unexplained.

Many studies suggest that changes in gut microbiota composition and metabolites may lead to the occurrence of obesity and related metabolic disorders, which can be potential therapeutic targets for such diseases (5, 6). Additionally, correlations have been reported between gut microbiota regulation and improvements in oxidative stress, inflammatory response, and insulin resistance, which could affect diabetes complications (7). Experiments have shown that colonization with normal and healthy gut microbiota can restore the homeostasis and neuronal activity of the gut nervous system in germ-free mice, whereas gut microbiota from diabetic mice have the opposite effect (8, 9). However, mechanistic studies of the microbiome are often difficult to conduct on humans due to the heterogeneity of genetic and lifestyle factors and ethical issues related to human subjects that may lead to disease-causing microbial colonization (10). In our study, we employed a two-sample Mendelian randomization (MR) analysis to investigate the causal relationship between microbiota and diabetic peripheral neuropathy (DPN) and diabetic autonomic neuropathy (DAN).




2 Materials and methods



2.1 Hypothesis and study design of MR

We obtained summary data from genome-wide association studies (GWASs) on gut microbiota and DPN/DAN. To ensure reliable results, our MR analysis adhered to three assumptions: (1) the instrumental variables (IVs) used must be closely related to the taxonomic groups of microbiota; (2) the IVs included and confounding factors (which affect the taxonomic groups of microbiota and diabetic neurodegeneration) must be independent of each other; (3) no horizontal pleiotropy: IVs only affect diabetic neurodegeneration through the taxonomic groups of microbiota (Figure 1) (11). Our study results were reported in accordance with the MR-STROBE guidelines.




Figure 1 | Three key assumptions for a valid Mendelian randomization study.






2.2 Ethical statement

The summary-level data used in this study are publicly available and de-identified. The GWASs included have been approved by their respective institutions.




2.3 Exposure sources of gut microbiota data

Kurilshikov et al. conducted a large-scale, multi-ethnic, whole-genome meta-analysis to investigate the association between common human genetic variations and gut microbiota composition. This analysis was based on data from the MiBioGen consortium (12). The MiBioGen consortium comprised 18,340 individuals of European ethnicity from 11 cohorts across 25 countries. The GWAS study analyzed trans-ethnic taxonomic group variation and generated 110,211 variant sites from 122 taxa (from phylum to genus level). IVs for gut microbiota at the genus level were extracted from this large-scale GWAS. Additional details about the gut microbiota data are available in the original publication.

To ensure the robustness of the data and the accuracy of the results, SNPs underwent quality control to obtain eligible IVs: (1) Due to the small number of IVs meeting this criterion, a relatively comprehensive threshold (P<1×10-5) was used to obtain more comprehensive results (13). (2) To meet the MR assumption, linkage disequilibrium (LD) analysis was performed (R2<0.001, clustering distance=10,000kb) based on the 1000 Genomes Project of Europeans, and SNPs that did not meet the requirements were removed. (3) Palindromic SNPs were eliminated to mitigate the potential influence of allele confounding on the causal relationship between gut microbiota and diabetic neuropathy. The strength of the selected SNPs was assessed using the following formula to calculate the F-statistic for each bacterial taxonomic unit: F = R²(N-K-1)/K(1-R²), with R² representing the proportion of exposure variance explained by IVs, n denoting the sample size, and k indicating the number of IVs. An F-statistic >10 indicates that there is no presence of noticeable weak instrument bias (11).




2.4 Data sources for DPN and DAN

The GWAS summary statistics for DPN and DAN were obtained from the FinnGen research project (https://r9finngen.fi/). The DPN dataset consisted of 1,048 cases and 374,434 controls, while the DAN dataset included 111 cases and 374,434 controls, both sourced from the FinnGen consortium. DPN and DAN were defined based on electronic medical records and International Classification of Diseases (ICD) codes.




2.5 Statistical analysis

All statistical analyses were conducted using R software (version 4.1.1). We employed the “TwoSampleMR” R package for Mendelian randomization (MR) analysis to evaluate the causal relationships between gut microbiota and diabetic neuropathy. P-value< 0.05 was considered indicative of statistically significant evidence for potential causal effects (14). The study flowchart is presented in Figure 2.




Figure 2 | The flowchart of the Mendelian randomization study revealing the causal relationship between gut microbiota and DPN/DAN.





2.5.1 MR analysis

The Wald ratio method was used to test the influence of individual instrumental variables (IVs) on causal estimates. In the absence of horizontal pleiotropy, the inverse variance-weighted (IVW) test was adopted as the primary approach to compute unbiased estimates of causal effects. Effect sizes were reported as odds ratios (ORs) with corresponding 95% confidence intervals (CIs). Additional methods employed in the MR analysis included weighted median, weighted mode, MR-Egger test, and simple mode.




2.5.2 Sensitivity analysis

The presence of heterogeneity was tested using Cochrane’s Q test. An IV with a P-value less than 0.05 was considered to exhibit significant heterogeneity. The MR-Egger intercept assessed the potential presence of pleiotropy in the IV. If P>0.05, then the absence of horizontal pleiotropy was determined. To further analyze pleiotropy and remove potential outliers, MR-Pleiotropy RESidual Sum and Outlier (MR-PRESSO) testing (R package “MR-PRESSO”) was utilized (15). Additionally, leave-one-out methods were employed to further validate the robustness of the data (16). Because there was an insufficient number of SNPs that met the MR research hypothesis, a reverse MR analysis was not conducted. To emphasize our contributions, we clearly identified the innovative aspects of our model and method in the abstract.






3 Results



3.1 Selection of IVs

The F-statistic was computed for each single nucleotide polymorphism (SNP), all of which exceeded the threshold value of 10, indicating the strong instrumental validity. Based on the criteria for screening IVs, a total of 1532 SNPs were selected as IVs for 119 bacterial genera. Tables 1, 2 present the causal effects of gut microbiota on diabetic peripheral neuropathy (DPN) and diabetic autonomic neuropathy (DAN), respectively. We identified 119 bacterial genera, especially Clostridium sensu stricto1, Prevotella 9, Ruminococcus 2, Ruminococcaceae UCG005, Bacteroides, Enterorhabdus, and Lachnoclostridium, that were associated with DPN in at least one Mendelian randomization (MR) method. The inverse variance-weighted (IVW) estimate revealed a protective effect of Prevotella 9 against DPN (OR=0.715, 95%CI: 0.521-0.982, P=0.038), whereas Bacteroides also showed a protective effect on DPN (OR=0.602, 95%CI: 0.364-0.996, P=0.048) and Ruminococcus 2 had a protective effect on DPN (OR=1.449, 95%CI: 1.008-2.083, P=0.045). Additionally, no apparent directional horizontal pleiotropy was observed based on the MR-Egger regression intercept analysis shown in Table 2. Furthermore, IVW analysis revealed causal associations between Blautia (OR=0.161, 95%CI=0.035-0.733, P=0.018), Clostridium innocuum group (OR=3.033, 95%CI=1.379-6.672, P=0.006), and Howardella (OR=2.595, 95%CI=1.074-6.269, P=0.034) and DAN, without any evidence of heterogeneity or pleiotropy (Figure 3).


Table 1 | Significant Mendelian randomization estimates of the association between bacterial genera and DPN(P<0.05).




Table 2 | Significant Mendelian randomization estimates of the association between bacterial genera and DAN(P<0.05).






Figure 3 | Significant results of MR analysis. The the green and red squares indicates decreased risk (OR<1) and increased risk (OR>1), respectively. (A) The main IVW method indicated that Prevotella 9 had a protective effect on DPN (OR=0.715, 95%CI: 0.521-0.982, P=0.038), and Bacteroides also showed a protective effect (OR=0.602, 95%CI: 0.364-0.996, P=0.048). However, Ruminococcus 2 had a promotive effect on DPN (OR=1.449, 95%CI: 1.008-2.083, P=0.045). (B) Blautia (OR=0.161, 95%CI=0.035-0.733, P=0.018), Clostridium innocuum group (OR=3.033, 95%CI=1.379-6.672, P=0.006), and Howardella (OR=2.595, 95%CI=1.074-6.269, P=0.034) were causally associated with DAN in the IVW analysis.






3.2 sensitivity analysis

Our sensitivity analysis revealed no heterogeneity in the IV for any of the six bacterial genera (Tables 1, 2), indicating that the genetic traits associated with these genera may be caused by changes in multiple genetic materials. The MR-Egger regression intercept indicated no evidence of horizontal pleiotropy for any of the six bacterial genera (Tables 1, 2) with a P-value greater than 0.05. The scatter plots (Figure 4) revealed that Prevotella 9 and Bacteroides may have a protective effect on DPN, while Ruminococcus 2 may have a promotive effect. Additionally, Blautia may have a protective effect on DAN, while Clostridium innocuum group and Howardella may have a promotive effect. The scatter plot illustrates the following MR analysis methods in order: the inverse-variance weighted (IVW) method, MR-Egger, weighted median, weighted mode, and simple mode. In Figure 4, the lines moving up from left to right represent the promotive indicator of the relationship between the genus and the disease, while the lines moving down from left to right represent the protective indicator. Our “leave-one-out” analysis revealed no potential outliers in the IV for any of the six bacterial genera, suggesting that all identified causal relationships were robust and not affected by individual IVs (Figure 5).




Figure 4 | Scatter plots of each genus associated with the risk of DPN and DAN, respectively. (A) Prevotella 9. (B) Ruminococcus 2. (C) Bacteroides. (D) Blautia. (E) Clostridium innocuum group. (F) Howardella.






Figure 5 | The “leave-one-out” analysis results of significant microbial taxa on the causal effects of DPN and DAN, revealing minimal changes in the overall error bars when each SNP is removed. Specifically, all error bars either remain to the right of 0 or to the left of 0, indicating the absence of outliers. (A) The causal effect of Prevotella 9 on DPN. (B) The causal effect of Ruminococcus 2 on DPN. (C) The causal effect of Bacteroides on DPN. (D) The causal effect of Blautia on DAN. (E) The causal relationship of the Clostridium innocuum group on DAN. (F) The causal effect of Howardella on DAN.







4 Discussion

We conducted a two-sample Mendelian randomization (MR) analysis using summary statistics data from the largest-scale GWAS meta-analysis of gut microbiota conducted by the MiBioGen consortium. We also used summary statistics data from the FinnGen consortium R8 release data on diabetic polyneuropathy (DPN) and diabetic autonomic neuropathy (DAN). Our aim was to establish the genetic causal relationship between gut microbiota and diabetic neuropathy. Our findings indicate that higher genetic abundance of two gut microbial taxa (genus Prevotella 9 and genus Bacteroides) is associated with a decreased risk of DPN, whereas higher genetic abundance of genus Ruminococcus 2 is linked to an increased risk of DPN. Furthermore, we identified genus Blautia and genus Clostridium innocuum group, as potential risk factors for DAN development. Importantly, our study is the first to employ the MR concept in examining the causal relationship between gut microbiota and diabetic neuropathy. This enables the implementation of secondary prevention strategies for individuals at risk of DPN or DAN. Targeted screening of gut microbiota can be conducted for populations at risk of DPN or DAN, such as patients with type 2 diabetes and metabolic syndrome. This screening enables early disease detection and facilitates the establishment of treatment mechanisms. We also encourage individuals to maintain a healthy diet, regularly use suitable probiotic supplements to preserve gut microbiota balance, and ensure normal short-chain fatty acid metabolism, effectively preventing diabetic neuropathy and its complications.

Many studies have demonstrated that changes in gut microbiota composition and its metabolites are associated with obesity and metabolic disorders and represent potential therapeutic targets for these diseases (17, 18). Genus Prevotella, consists of anaerobic bacteria that produce acetate, succinate, isovalerate, and lactate as their primary fermentation products. Previous research has indicated that Prevotella bacteria are also involved in human glucose metabolism. For instance, rat glucose tolerance improved after gut perfusion with Prevotella bacteria (19). An increase in Prevotella abundance modulates the gut-pancreas axis and blood sugar levels via its metabolites, short-chain fatty acids, and by promoting glucagon-like peptide-1 (GLP-1) release in intestinal L cells, which is consistent with our findings (20).

Additionally, oligofructose has been shown to alleviate symptoms of type 2 diabetes by modulating the abundance of genus Bacteroides, which impacts the pathways of “linoleic acid metabolism,” “serotonin synapse,” and “tryptophan metabolism” (21). Genus Bacteroides, is known for producing bile salt hydrolase, which aids in bile acid metabolism in the gut and can transform bile acids to increase secondary bile acid content, including taurochenodeoxycholic acid. Research has also demonstrated that taurochenodeoxycholic acid enhances the cell viability and migration ability of high glucose-induced Schwann cells, potentially exerting a protective effect against diabetic neuropathy through this pathway (22–26).

Previous research has demonstrated that an increase in the abundance of genus Blautia is linked to improved glucose and lipid homeostasis (27). Furthermore, Blautia is a common acetate producer in the gut, activating G-protein coupled receptors (GPR41 and GPR43) to inhibit insulin signaling and fat accumulation in adipocytes, promoting the metabolism of unbound lipids and glucose in other tissues, and thereby alleviating obesity-related diseases (28). Blautia wexlerae’s beneficial effects are due to its unique amino acid metabolism, which produces S-adenosylmethionine, acetylcholine, L-ornithine, and accumulates branched starch, as well as succinate, lactate, and acetate salts, thereby altering gut bacteria composition. These findings reveal novel regulatory pathways in host-microbe metabolism, which could offer new approaches to metabolic disorder prevention and treatment (29).

The study demonstrates that Huanglian treatment can modify microbial bile acid metabolism, which improves impaired glucose tolerance and lipid accumulation in T2DM mice. These improvements may be attributed, in part, to modulation of the gut microbiota and bile acid pool structure, suggesting that Huanglian has beneficial effects on T2DM mediated by the gut microbiota (30). Additionally, this study found a positive correlation between neurogenic intestinal dysfunction and genus Clostridium innocuum, supporting previous research (31).

Previous research has overlooked Howardella, but reports suggest that an increased abundance of Howardella is linked to prediabetes and diabetes (32). Moreover, oligomannose reduces or reverses the increased abundance of Howardella observed in healthy or prediabetic subjects, potentially preventing changes in gut microbiota during diabetes development (33).

There is also a growing amount of researches indicating a close connection between the gut microbiota and the nervous system. The gut microbiota may play a pivotal role as predisposing factors for neurological diseases, including Alzheimer’s disease, autism spectrum disorders, multiple sclerosis, Parkinson’s disease, and stroke (34). Additionally, bacteria in the gastrointestinal tract can activate neural pathways and central nervous system signaling systems, affecting stress-related behaviors such as anxiety and depression (35). Furthermore, evidence also associates dysbiosis of the gut microbiota with hypertension through the autonomic nervous system (36). Studies indicate that gut bacteria play a significant role in chemotherapy-induced peripheral neuropathy (37). Researches have demonstrated that Paeoniflorin and Danggui Sini decoction can alleviate oxaliplatin-induced peripheral neuropathy by modulating the gut microbiota (38, 39). And administration of a young gut microbiota to elderly mice has been found to improve nerve repair and enhance functional recovery following peripheral nerve damage (40). There is also research that has shown partial restoration of the gut microbiota can alleviate neuropathic pain caused by nerve damage, chemotherapy, and diabetic neuropathy (41).

This study has several advantages. Firstly, previous observational studies have faced challenges in controlling confounding factors such as age, gender, and lifestyle, which has led to lower reliability and accuracy of experimental results. Secondly, the utilization of the latest large-scale GWAS enables the acquisition of genetic data and analysis from a substantial sample population, thereby enhancing the reliability of research results in comparison to small-scale case-control studies. Moreover, MR analysis mitigates confounding and offers a novel approach to investigating the “gut-neuro axis” mechanism.

It is essential to acknowledge the limitations of this study. Firstly,the inclusion of only participants of European ancestry in the GWAS raises concerns about the generalizability of the study’s results to other racial/ethnic groups. Secondly, the sample size of DAN is relatively small, potentially leading to imprecise estimates and limited statistical power to detect causal effects. Thirdly, there may be unmeasured confounders not accounted for in the analysis, leading to the existence of residual confounding and potentially causing flaws in the validity of our findings. Henceforth, the results should be interpreted carefully. While Mendelian randomization can provide evidence for causal relationships, it is important to seek additional sources of evidence to support the causal claims. Furthermore, investigating the intermediate role of blood proteins and metabolites in the pathway from environmental exposure to diabetes is crucial to provide evidence for treatment and intervention.




5 Conclusion

Our study indicated that genus Prevotella 9 and genus Bacteroides had a protective effect on DPN, while genus Ruminococcus 2 had a promoting effect. And genus Blautia, genus Clostridium innocuum group, and genus Howardella were causally associated with DAN. These findings identified a causal relationship between gut microbiota and the increased or decreased risk of diabetic neuropathy, which may underscore the importance of adopting a comprehensive approach that combines gut microbiota modulation with other therapeutic interventions in the management of diabetic neuropathy.
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