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Background

It is unclear what the causal relationship is between the gut microbiota and sepsis. Therefore, we employed Mendelian randomization (MR) to determine whether a causal link exists between the two.





Methods

This study used publicly available genome-wide association studies (GWAS) summary data of gut microbiota, sepsis, sepsis (critical care), and sepsis (28-day death in critical care) to perform a two-sample MR analysis. To ensure the robustness of the results, we also conducted a sensitivity analysis.





Results

For sepsis susceptibility, inverse variance weighted (IVW) estimates revealed that Victivallales (OR = 0.86, 95% CI, 0.78–0.94, p = 0.0017) was protective against sepsis, while Lentisphaerae (OR = 0.89, 95% CI, 0.80–0.99), Gammaproteobacteria (OR = 1.37, 95% CI, 1.08–1.73), Clostridiaceae1 (OR = 1.21, 95% CI, 1.04–1.40), RuminococcaceaeUCG011 (OR = 1.10, 95% CI, 1.01–1.20), Dialister (OR = 0.85, 95% CI, 0.74–0.97), and Coprococcus2 (OR = 0.81, 95% CI, 0.69–0.94) presented a suggestive association with the development of sepsis (all p < 0.05). For sepsis (critical care), IVW estimates indicated that Lentisphaerae (OR = 0.70, 95% CI, 0.53–0.93), Victivallales (OR = 0.67, 95% CI, 0.50–0.91), Anaerostipes (OR = 0.49, 95% CI, 0.31–0.76), LachnospiraceaeUCG004 (OR = 0.51, 95% CI, 0.34–0.77), and Coprococcus1 (OR = 0.66, 95% CI, 0.44–0.99) showed a suggestive negative correlation with sepsis (critical care) (all p < 0.05). For sepsis (28-day death in critical care), IVW estimates suggested that four bacterial taxa had a normally significant negative correlation with the risk of sepsis-related death, including Victivallales (OR = 0.54, 95% CI, 0.30–0.95), Coprococcus2 (OR = 0.34, 95% CI, 0.14–0.83), Ruminiclostridium6 (OR = 0.43, 95% CI, 0.22–0.83), and Coprococcus1 (OR = 0.45, 95% CI, 0.21–0.97), while two bacterial taxa were normally significantly positively linked to the risk of sepsis-related death, namely, Mollicutes (OR = 2.03, 95% CI, 1.01–4.08) and Bacteroidales (OR = 2.65, 95% CI, 1.18–5.96) (all p < 0.05). The robustness of the above correlations was verified by additional sensitivity analyses.





Conclusion

This MR research found that several gut microbiota taxa were causally linked to the risk of sepsis, sepsis in critical care, and sepsis-related 28-day mortality in critical care.
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Introduction

Sepsis is an organ dysfunction that is described as a life-threatening disorder deriving from a dysfunctional host response to infection. According to pertinent data, 30 million cases of sepsis occur annually worldwide, with a high mortality rate of 16% to 33% (1, 2). A key step in improving the prognosis of sepsis is early identification and treatment. Blood culture is frequently employed as the diagnostic standard for sepsis. However, it is time-consuming and has a poor positive rate (3). At present, no specific therapeutic drug exists for sepsis, which is managed through a combination of antibiotic therapy, organ protection, and fluid resuscitation. Hence, it is imperative to identify reliable early detection indicators as well as exact therapy targets for sepsis.

Gut microbiota is the collection of all microorganisms that colonize the gastrointestinal system and influence basic body functions such as digestion, energetic metabolism, and immune response (4). A growing number of studies have shown a link between gut microbiota dysbiosis and sepsis, which were mainly manifested as a decrease in beneficial bacteria and an increase in pathogenic bacteria (5–11). For example, Sun et al. discovered that the relative abundance of the Proteobacteria phylum and Enterococcaceae family was significantly elevated in sepsis patients compared to healthy controls, whereas the Firmicutes phylum and Lachnospiraceae family exhibited a relatively lower abundance (11). Furthermore, a retrospective cohort study of 10,996 participants by Prescott et al. suggested that intestinal microbial disturbances increased the risk of sepsis-related hospitalization and were associated with the severity of sepsis (7). Similar effects of gut microbiota exhaustion and loss of diversity to death rates have also been displayed in several sepsis experimental models (12, 13). However, the current associations were largely on the basis of observational studies with confounding factors, and the causality between gut microbiota and sepsis is not clear and requires more direct evidence.

Mendelian randomization (MR) is a type of instrumental variable (IV) analysis that employs genetic variations to determine the causality between exposure and outcome (14). The most common genetic variants are single-nucleotide polymorphisms (SNPs), which are randomly assigned to offspring along with gametes and occur before disease onset, and thus, MR is less susceptible to confounding factors and reverse causation. To date, despite several MR analyses investigating the causal relationship between gut microbiota and sepsis, the selection of genome-wide association studies (GWAS) data for sepsis outcomes is not entirely consistent (15, 16). The GWAS outcome data for sepsis selected by Chen et al. were derived from the 2020 UK Biobank (10,154 cases; 452,764 controls), and these are not the most up-to-date GWAS data available (15), while the study conducted by Zhang et al. incorporated various sepsis outcome GWAS data, which included patients below 75 years, 28-day mortality, critical care units (ICU), and 28-day mortality in ICU. However, they did not opt for the most recent sepsis outcome data available (16). Therefore, we chose to re-perform the MR analysis of gut flora and sepsis using the most comprehensive and up-to-date sepsis GWAS outcome data to investigate the causal relationship between gut microbiota and the risk of sepsis and sepsis-related death, elucidating the etiology of sepsis and suggesting innovative ideas for earlier diagnosis and treatment of this disease.





Materials and methods




Study design

Employing summary statistics derived from GWAS, we conducted two-sample MR analyses to evaluate the causality of the gut microbiota on the risk of sepsis, sepsis requiring critical care, and sepsis (28-day death in critical care). IVs are chosen to meet three assumptions: IVs are required to be strongly associated with the exposure of interest; IVs must be independent of unmeasured confounders; and IVs influence outcomes only through the exposure of interest (17). In this MR study, gut microbiota, and sepsis, sepsis (critical care), and sepsis (28-day death in critical care) were used as exposure and outcome, respectively. A flowchart presenting the whole procedure is shown in Figure 1. The present study used openly de-identified data from participant studies that were approved by the ethical standards committee for human experimentation. This study did not require separate ethical approval.




Figure 1 | The analysis process of our research. GWAS, genome-wide association study; MR, Mendelian randomization; SNPs, single-nucleotide polymorphisms; IVW, inverse variance weighted; WM, weighted median; MR-PRESSO, Mendelian Randomization Pleiotropy RESidual Sum and Outlier.







Gut microbiota sample

Summary statistics pertaining to the human gut microbiota composition were derived from a comprehensive GWAS meta-analysis encompassing 24 cohorts derived from ethnically diverse backgrounds, including the United States, Canada, Israel, Korea, Germany, Denmark, the Netherlands, Belgium, Sweden, Finland, and the United Kingdom (N = 18,340). Among these, 20 cohorts included a sole representative sample, with the majority of participants being of European descent (16 cohorts, N = 13,226). A total of 122,110 variant sites for 211 taxa (9 phyla, 16 classes, 20 orders, 35 families, and 131 genera) were identified. Adjustments were made for sex, age, first 10 principal components and genotyping batch during the analysis (18). Summary-level statistics for the associated studies can be found on the website (https://mibiogen.gcc.rug.nl).





Sepsis samples

Summary statistics for sepsis phenotypes were extracted from the IEU OpenGWAS, while summary-level data from the UK Biobank were also utilized (https://gwas.mrcieu.ac.uk/). The UK Biobank is an extensive cohort of UK adult participants; details were found in other sections (19). Sepsis phenotypes included sepsis (total cases: 11,643; total controls: 474,841), sepsis requiring critical care (total cases: 1,380; total controls: 429,985), and sepsis-related 28-day mortality in critical care (total cases: 347; total controls: 431,018). In the hospital episode statistics provided by the UK Biobank, cases were incorporated when the code was in the primary or secondary diagnostic category, adjusted for age, gender, microchip, and the first 10 principal components using regenie v2.2.4 (20). Sepsis admissions were identified by ICD codes from the UK Biobank linking secondary care data. In line with existing literature, ICD-10 codes A02, A39, A40, and A41 were used to identify sepsis (21). All study participants were of European ancestry.





Selection of IVs

Five levels of assessment of bacterial taxa (phylum, order, order, family, and genus) were performed. As the eligible number of IVs was extremely small (p < 5×10−8), a relatively high threshold (p < 1×10−5) was used, which was in line with Ni et al. (22). In parallel, we performed quality control according to the following steps: First, the linkage disequilibrium (LD) threshold was set as 0.001, and the clumping window was 10 Mb. Second, we computed the F-statistic to quantify the genetic variation strength and then abandoned SNPs with an F-statistic of less than 10, indicating insufficient strength (23). Third, data were harmonized between gut microbiota and sepsis datasets, and SNPs with minor allele frequency (MAF)≤0.01, ambiguities, and palindromes were excluded. Ultimately, the gut microbiota linked to the outcome (p < 1.0×10−5) and gut microbiota with fewer than three SNPs were eliminated from the analysis. Following the above steps, the remaining SNPs were eventually used as IVs.





Primary analysis

For the primary analysis, we employed random-effects inverse variance weighted (IVW) estimation, which combines the Wald ratio of each SNP to the outcome, assuming all genetic variations are valid. This approach offers the highest power for MR estimation, yet it is susceptible to multidirectional bias (24). Therefore, IVW was used as the primary method to estimate the cause and effect of gut microbiota on the risk of sepsis, sepsis requiring critical care, and sepsis-related 28-day mortality in critical care.





Sensitivity analysis

Sensitivity analyses were subsequently performed to assess the bias of the MR assumptions for the identified significant estimates (pIVW < 0.05). Some other MR analyses, such as weighted median and MR-Egger regression, were also used as complementary methods. MR-Egger regressions can test for multiplicity and considerable heterogeneity of imbalances, whereas for the same change in underexposure, larger sample sizes are required (25). In situations where at least half of the weighted variance provided by the horizontal pleated product effect is valid, the weighted median method offers consistent estimates of the effect (26). In addition, sensitivity analyses are also critical in MR studies to evaluate any bias of the MR assumptions. Consequently, Cochran’s Q statistic, MR-Egger intercept tests, and leave-one-out (LOO) analyses are employed to identify the presence of heterogeneity and pleiotropy, as well as evaluate the robustness of the obtained results. In particular, Mendelian Randomization Pleiotropy RESidual Sum and Outlier (MR-PRESSO) tests were conducted to test for outliers with potential horizontal pleiotropy. MR-PRESSO enables the estimation of SNP levels and overall heterogeneity, facilitating the detection of horizontal pleiotropy. In contrast, the outlier test comparing expected and observed variant distributions identifies outlier variants. Should any outliers be discovered, they are eliminated to produce unbiased causal estimates from the outlier-corrected MR analysis (27).

Hence, potential eligible candidate gut microbiome for participation in sepsis development was identified as follows: (1) pIVW < 0.05; (2) the direction and amplitude of the three MR methods were consistent; (3) no heterogeneity or multiplicity was observed; and (4) no high-impact points were noted in the LOO analyses. The significant thresholds for each level were adjusted for multiple testing as follows: phylum p = 5.56 × 10−3 (0.05/9), class p = 3.13×10−3 (0.05/16), order p = 2.50 ×10−3 (0.05/20), family p = 1.43 × 10−3 (0.05/35), and genus p = 3.82 × 10−4 (0.05/131).

A nominal significant association was considered for pIVW < 0.05 but exceeding the Bonferroni-corrected threshold. All analyses were run by using the R package TwoSampleMR (version 0.5.6) in R (version 4.1.1).





Confounding analysis and Steiger test

Despite employing various statistical approaches in sensitivity analyses to investigate potential violations of MR assumptions, we also utilized the Phenoscanner V2 website (http://www.phenoscanner.medchsl.cam.ac.uk/) to examine whether gut microbial-related SNPs were concurrently associated with multiple common risk factors that might influence MR estimates, including sex (28), obesity (29), and diabetes (30). If the correlation between SNPs and these potential confounders reached a threshold value of p < 1×10−5, IVW was reiterated following the removal of these SNPs to validate the robustness of the findings. In addition, the MR Steiger test was performed on bacteria found to be causally related to sepsis, sepsis requiring critical care, and sepsis-related 28-day mortality in critical care, to verify the directionality of the results due to exposure, and p < 0.05 was considered statistically significant (31).





Reporting guidelines

This study followed the guidelines of the Strengthening the Reporting of Observational Studies in Epidemiology Using MR (STROBE-MR), a checklist of which can be found in the Supporting Information (Supplementary Table S1) (32).






Results




Sepsis risk

Following several quality control procedures, a total of 2,220 IVs were found to be related to sepsis susceptibility, and 2,219 IVs associated with sepsis (critical care) and sepsis-related death. All F-values for inclusion of SNPs >10. For sepsis susceptibility, as shown in Figure 2, IVW analysis indicated that 11 bacterial taxa were associated with sepsis susceptibility. Through sensitivity analysis, eight of them fulfilled the criteria for gut microbiota related to sepsis development, including the phylum Lentisphaerae [odds ratio (OR) = 0.89, 95% confidence interval (CI), 0.80–0.99, p = 0.0354], class Lentisphaeria (OR = 0.86, 95% CI, 0.78–0.94, p = 0.0017), order Victivallales (OR = 0.86, 95% CI, 0.78–0.94, p = 0.0017), genus Dialister (OR = 0.85, 95% CI, 0.74–0.97, p = 0.0158), class Gammaproteobacteria (OR = 1.37, 95% CI, 1.08–1.73, p = 0.0097), family Clostridiaceae1 (OR = 1.21, 95% CI, 1.04–1.40, p = 0.0111), and genera RuminococcaceaeUCG01 1 (OR = 1.10, 95% CI, 1.01–1.20, p = 0.0237) and Coprococcus2 (OR = 0.81, 95% CI, 0.69–0.94, p = 0.0066).




Figure 2 | Causal analysis of gut microbiota and sepsis. (A) All results of IVW between gut microbiota and sepsis. (B) IVW results of gut microbiota taxa with causality to sepsis.



Among them, the class Lentisphaeria and the order Victivallales were significantly correlated with a reduced sepsis susceptibility risk. Notably, as the two types of gut microbial taxa are identical, we retained only the result for the order Victivallales. Three MR analysis methods showed inconsistency in the direction of the effects of the three bacterial taxa, namely, the genera Eubacteriumeligensgroup, Gordonibacter, and LachnospiraceaeND3007group. In Supplementary Figure S1, scatter plots from various tests were presented. Cochran Q-derived p-values suggested the absence of heterogeneity. Additionally, both the MR-Egger regression and MR-PRESSO tests failed to demonstrate horizontal pleiotropy (all p > 0.05) (Supplementary Table S2). LOO analyses revealed that individual SNPs do not bias the estimates (Supplementary Figure S2). To be clear, MR-PRESSO values and global test could not be measured because there were not enough instrumental variables for the genus LachnospiraceaeND3007group.





Sepsis (critical care) risk

As depicted in Figure 3, the results of IVW analyses revealed that the phylum Lentisphaerae (OR = 0.70, 95% CI, 0.53–0.93, p = 0.0143), class Lentisphaeria (OR = 0.67, 95% CI, 0.50–0.91, p = 0.0114), order Victivallales (OR = 0.67, 95% CI, 0.50–0.91, p = 0.0114), and genera Anaerostipes (OR = 0.49, 95% CI, 0.31–0.76, p = 0.0016), LachnospiraceaeUCG004 (OR = 0.51, 95% CI, 0.34–0.77, p = 0.0014), and Coprococcus1 (OR = 0.66, 95% CI, 0.44–0.99, p = 0.0425) showed a suggestive negative correlation with sepsis requiring critical care. Supplementary Figure S3 shows the scatter plots for various tests. A range of sensitivity analyses were conducted, consisting of MR-Egger regression, weighted median, Cochran’s Q test, MR-Egger intercept test, MR-PRESSO global test, and LOO analyses to confirm the rigidity of the results presented above (Supplementary Table S3, Supplementary Figure S4). As the order Victivallales and the class Lentisphaeria are exactly the same, we only kept the results of the order Victivallales.




Figure 3 | Investigating the causal relationship between gut microbiota and sepsis requiring critical care. (A) All results of IVW between gut microbiota and sepsis requiring critical care. (B) IVW results of gut microbiota taxa with causality to sepsis requiring critical care.







Sepsis (28-day death in critical care) risk

As shown in Figure 4, IVW analysis indicated that 11 bacterial taxa were associated with sepsis-related 28-day mortality in critical care. The three MR analysis methods were found to affect two bacterial taxa (i.e., Sellimonas and Tyzzerella3) in different directions by performing sensitivity analyses (Supplementary Figure S5). Finally, nine met the eligibility criteria for gut microbiota in relation to the occurrence of sepsis-related deaths in critical care. Five bacterial taxa were normally significantly negatively related to the risk of sepsis-related death in critical care, including the class Lentisphaeria (OR = 0.54, 95% CI, 0.30–0.95, p = 0.0335), order Victivallales (OR = 0.54, 95% CI, 0.30–0.95, p = 0.0335), and genera Coprococcus2 (OR = 0.34, 95% CI, 0.14–0.83, p = 0.0178), Ruminiclostridium6 (OR = 0.43, 95% CI, 0.22–0.83, p = 0.0122), and Coprococcus1 (OR = 0.45, 95% CI, 0.21–0.97, p = 0.0412), while four bacterial taxa showed a normally significant positive association with the risk of death from sepsis in critically ill patients, including the phylum Tenericutes (OR = 2.03, 95% CI, 1.01–4.08, p = 0.0456), classes Mollicutes (OR = 2.03, 95% CI, 1.01–4.08, p = 0.0456) and Bacteroidia (OR = 2.65, 95% CI, 1.18–5.96, p = 0.0289), and order Bacteroidales (OR = 2.65, 95% CI, 1.18–5.96, p = 0.0184). Furthermore, nine bacterial taxa were subjected to a sequential sensitivity analyses involving MR-Egger regression, weighted median, Cochran’s Q test, MR-Egger intercept test, MR-PRESSO global test, and LOO analyses, which confirmed the robustness of the above results (Supplementary Table S4, Supplementary Figure S6). Interestingly, the order Victivallales is identical to the class Lentisphaeria, the order Bacteroidales is identical to the class Bacteroidia, and the class Mollicutes is identical to the phylum Mycoplasmatota, which is equivalent to Tenericutes. Thus, we have retained only the order Victivallales, the order Bacteroidales, and the class Mollicutes.




Figure 4 | Causal analysis of gut microbiota and sepsis-related 28-day mortality in critical care. (A) All results of IVW between gut microbiota and sepsis-related 28-day mortality in critical care. (B) IVW results of gut microbiota taxa with causality to sepsis-related 28-day mortality in critical care.



For a better understanding of the causal relationship between gut microbiota and sepsis, a summary network is shown in Figure 5.




Figure 5 | The causality between gut microbiota and sepsis, sepsis requiring critical care, and sepsis-related 28-day mortality in critical care by Mendelian randomization analysis. The thickness of the line represents the p-value.







Confounding analysis and Steiger test

To assess the impact of confounders, we searched the Phenoscanner V2 website for several of the confounders we identified, including sex, obesity, and diabetes-related instrumental variables.

Regarding sepsis susceptibility, one SNP (rs12636310) of RuminococcaceaeUCG011 was linked to diabetes-related phenotypes. Causality remained significant after removal of this SNP (IVW OR = 1.11, 95% CI, 1.02–1.22, p = 0.0224). Regarding sepsis (critical care) risk, one SNP (rs128942721) for LachnospiraceaeUCG004 was correlated with obesity-related phenotypes, and the causal relationship remained significant after the removal of one SNP (IVW OR = 0.52, 95% CI, 0.33–0.82, p = 0.0045). Regarding sepsis-related 28-day mortality in critical care, SNPs of the bacteria were discovered to be causally related to sepsis-related death, independent of any confounding factors. Further Steiger tests were performed to verify the direction of the gut microbiota influence on sepsis, sepsis requiring critical care, and sepsis (28-day death in critical care). The Steiger p-values suggested that established causality is not affected by reverse causality (Table 1).


Table 1 | Steiger direction test from the gut microbiota to sepsis, sepsis (critical care), and sepsis-related 28-day mortality in critical care.








Discussion

In this research, we adopted a two-sample MR study to explore the causality between gut microbiota and the onset and progression of sepsis. We identified one causal bacterial taxa and six suggestive bacterial taxa associated with the development of sepsis. In addition, five bacterial taxa were suggested to be causally related to sepsis requiring critical care, and six bacterial taxa were suggested to be causally related to sepsis-related 28-day mortality in critical care.

Three bacteria taxa (RuminococcaceaeUCG011, Clostridiaceae1, and Gammaproteobacteria) were positively correlated with susceptibility to sepsis and two bacteria taxa (class Mollicutes and order Bacteroidales) were positively correlated with sepsis-related mortality. Previous research had shown a higher relative abundance of Bacteroidetes and a significantly higher enrichment of Gammaproteobacteria in the sepsis group compared to healthy controls, in accordance with our findings (5). Murine studies had also indicated that post-sepsis mice lung communities were clearly enriched with the order Bacteroidales found in the murine gut (33). High levels of Bacteroides spp. were prevalent in bronchoalveolar lavage fluid from ARDS patients and were significantly correlated with serum TNF-α concentrations, a critical mediator of the septic stress reaction and a predictor of patient mortality (33), while the class Gammaproteobacteria included pathogens such as Escherichia coli and Klebsiella spp., which were normally found in small numbers but have the potential to overgrow and dominate the intestinal tract during dysbiosis (34). The fecal microbiota following injury in a mouse model of sepsis showed that Ruminococcaceae increased in the subacute phase (35). Ruminococcaceae is a genus in the class Clostridia, and Clostridiaceae is also a family in the class Clostridia. Liu et al. found that the class Clostridia was significantly more enriched in the healthy group compared to the sepsis group (5), which contradicts our results. However, their results were limited due to methodological shortcomings (e.g., residual confounding factors). In addition, in the results of our analyses, the genera RuminococcaceaeUCG011 and Ruminiclostridium6 had different effects on sepsis risk. The inconsistency of the results may be attributed to the fact that the genus-level classification of the gut microbiota has not been explored in sufficient depth. Research related to Mollicutes and sepsis is lacking, but there is some indirect evidence of their relevance. For instance, Sompolinsky et al. found puerperal sepsis caused by T-strain Mycoplasma (36), a genus belonging to the class Mollicutes.

The MR study found that one causal bacterial taxon (order Victivallales) and three suggestive bacterial taxa (genera Dialister and Coprococcus2, and phylum Lentisphaerae) were causally related to sepsis, five bacterial taxa (genera LachnospiraceaeUCG004, Anaerostipes, and Coprococcus1, order Victivallales, and phylum Lentisphaerae) were suggested to be causally related to sepsis requiring critical care, and four bacterial taxa (genera Ruminiclostridium6, Coprococcus2, and Coprococcus1, and order Victivallales) were suggested to be causally related to sepsis-related 28-day mortality in critical care. Interestingly, two species of gut flora (Coprococcus and Victivallales) have a negative regulatory role in both the development and progression of sepsis. The genera Coprococcus1, Coprococcus2, LachnospiraceaeUCG004, Anaerostipes, and Ruminiclostridium6 all belong to the class Clostridia. Children with sepsis had more pathogens of opportunistic origin and fewer beneficial bacteria (e.g., Clostridia) detected in their bodies (9). In addition, the adult with sepsis was found to be significantly less enriched in the class Clostridia compared to the healthy group (5). The short-chain fatty acid (SCFA) butyrate, generated by Clostridia, exerts its effects on colonic regulatory T-cell differentiation by upregulating the key regulatory T-cell transcription factor Foxp3 (37) and suppressing histone deacetylation, thereby reducing the expression of NF-κB-regulated pro-inflammatory cytokines, such as TNF-α and IL-6 (38).

For Dialister, Victivallales, and Lentisphaerae, very limited investigations have reported their associations with sepsis. Dialister was previously found to be closely linked to early-onset neonatal sepsis, but the exact action and its mechanism are not clarified (39), while the order Victivallales belongs to the phylum Lentisphaerae, which are all Gram-negative bacteria that produce extracellular mucus substances. We hypothesize that this group of bacteria may be involved in the formation of the intestinal mucus barrier and thus play a protective role in the gut (40). Moreover, a reduction in Lentisphaerae and others was found in individuals over 65 years, which may affect changes in intestinal physiology such as reduced intestinal contractility, reduced mucus production, intestinal barrier dysfunction, and the ensuing dysbiosis (41).

The gut microbiome may influence host vulnerability and response to sepsis by the following mechanisms. The first mechanism is the expansion of gut pathogenic bacteria. Animal studies have shown that inflammation of the colon and exposure to antibiotics in mice lead to amplification and systemic spread of pathogenic clones of multidrug-resistant E. coli, and that the systemic presence of this pathogen is sufficient to induce sepsis-like disease (42). In addition, a single-center cohort study suggested that gut dysbiosis, characterized by an accumulation of bacilli and their fermentation metabolites, might precede the onset of late-onset sepsis (43). Second, the immune system produces a powerful pro-inflammatory effect. For instance, in a mouse model of Streptococcus pneumoniae sepsis, it was observed that administering oral antibiotics prior to the onset of sepsis was associated with decreased levels of TNF-α (a pro-inflammatory cytokine) in the lungs (44). However, other studies have shown that depletion of the gut microbiota has an increased effect on TNF-α (45, 46). Although the expression of specific cytokines varied across studies, it seems that a stronger inflammatory response to sepsis is the overall effect of altering the structure of the normal gut microbiota prior to the onset of sepsis (47). Third, the production of beneficial microbial products (e.g., SCFAs) is reduced. These metabolites may be involved in the initiation of the innate and adaptive immune system to protect distant organs from infection (48). Fourth, once sepsis is established, the gut microbiome deteriorates and leads to increased susceptibility to visceral organ dysfunction (47). In sum, there is a causality between gut flora and sepsis, which provides a basis for the therapy of sepsis through dietary intervention, the addition of prebiotics, fecal microbiota transplantation (FMT), or the addition of the gut flora metabolite SCFA (47, 49).

This study has the following advantages: MR analysis identified a causal relationship between the gut microbiota and the onset and progression of sepsis, excluding the influence of confounding factors and reverse caution. Genetic variation in the intestinal flora was derived from the largest existing GWAS meta-analysis, and the causal influence of various gut microbiota on sepsis was analyzed from the genus to the phylum level. However, the study suffers from several limitations. First, the majority of the incorporated studies focused on European populations; thus, the findings of this research might not be entirely transferable to other ethnic groups. Second, considering the moderate sample size of the gut microbiota, we opted not to conduct reverse MR analyses, as this approach may be susceptible to potential instrumental biases in the obtained results. Third, 16S rRNA gene sequencing can only depict the gut microbiota at the genus to phylum level; metagenomic and multi-omics approaches might present the possibility of targeting the composition of the gut microbiota at a more concrete level, thus discovering whether a more specific species level is linked to sepsis. Finally, the intestinal microbiota is influenced by a variety of environmental factors such as diet, lifestyle, and medication, and the lack of detailed information in the raw data about disease diet or medication status makes further subgroup analyses difficult.

In summary, the MR study has identified several bacteria that were causally linked to the onset and progression of sepsis, providing new ideas for early diagnosis, personalized treatment, and outcome prognosis of sepsis. However, large samples of population studies as well as in vivo and ex vivo experimental evidence are still needed to further elucidate the role and mechanisms of specific groups of bacteria in the occurrence and progression of sepsis.
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Supplementary Figure 5 | Scatter plots for the causality between gut microbiota and sepsis-related 28-day mortality in critical care.

Supplementary Figure 6 | Leave-one-out analyses for the causality between gut microbiota and sepsis-related 28-day mortality in critical care.
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