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Genetic Associations of Inflammatory Cytokines and Gut Microbiota-Derived Metabolites With Sepsis and Acute Kidney Injury: A Bidirectional and Two-Step Mendelian Randomization Study
ABSTRACT
Background: Whether elevated cytokines and gut metabolites in sepsis and acute kidney injury (AKI) represent upstream contributors or downstream correlates of impaired renal clearance remains unresolved.
Aims: To evaluate bidirectional and two-step mediated genetic associations of 21 cytokines and 21 gut metabolites with sepsis and AKI.
Study Design: Two-sample bidirectional and exploratory two-step mediation Mendelian randomisation (MR) study (STROBE-MR).
Place and Duration of Study: Summary-level analysis of SCALLOP (2023), YFS/FINRISK (2017), CLSA (2023), UK Biobank–FinnGen (2021), and FinnGen R12 (2024; analysed through October 2026).
Methodology: GRCh38 instruments (per 1-SD biomarker or log-odds liability; F=20.4–5,240.6) from SCALLOP (N=14,824), YFS/FINRISK (N≤8,293), and CLSA (N=8,299) were tested against overlapping FinnGen R12 AKI (8,383/480,448) and sepsis (17,133/439,048; polygenic P<5×10-6, mean F=23.5) and UKB–FinnGen AKI (7,695/474,571), with MRlap, UKB sepsis, and eGFR-adjusted multivariable MR.
Results: Only sepsis-to-AKI survived FDR correction (FinnGen polygenic OR=1.281, 95% CI 1.188–1.380, FDR=2.02×10-10; strict k=3 OR=1.298, 95% CI 0.963–1.751; UKB–FinnGen OR=1.188, 95% CI 1.044–1.352; non-overlapping UKB sepsis OR=1.214, 95% CI 1.068–1.380), exceeding reverse AKI-to-sepsis (Weighted Median OR=1.027). No biomarker survived FDR (BH-FDR=0.162–0.538) or replicated across both AKI datasets. Nominal AKI signals included IL-12B (OR=1.065, 95% CI 1.006–1.127), taurocholenate sulfate (OR=1.089, 95% CI 1.013–1.172), glycochenodeoxycholate 3-sulfate (OR=1.124, 95% CI 1.021–1.238), N-acetylkynurenine (OR=1.062), and butyrylcarnitine (OR=0.958, 95% CI 0.923–0.995); nominal sepsis signals included TRAIL (OR=1.094, 95% CI 1.024–1.168), 6-bromotryptophan (OR=1.091), CCL19 (OR=0.917, 95% CI 0.861–0.977), and cis-IL6R (OR=0.858; uncorrected pind=0.0135–0.0461, BH-FDRind≥0.0828). Uremic toxins, effector cytokines, and 14 reverse models were null.
Conclusion: Genetic liability to sepsis is associated with AKI risk, whereas cytokine and gut metabolite signals represent exploratory, nominal leads that do not survive FDR correction.
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1. INTRODUCTION
1.1 Global Clinical Burden of Sepsis-Associated Acute Kidney Injury and the Paradigm Shift Beyond Renal Hypoperfusion
Sepsis-associated acute kidney injury (SA-AKI) represents one of the most devastating and frequent organ dysfunctions in contemporary intensive care medicine, developing in 40% to 50% of critically ill patients admitted with sepsis or septic shock and being associated with a high in-hospital mortality rate of 40% to 60% (Takeuchi et al., 2025; White et al., 2023; Zarbock et al., 2023). According to the 28th Acute Disease Quality Initiative (ADQI) consensus report, SA-AKI is defined clinically by the concurrent fulfilment of Sepsis-3 diagnostic criteria (suspected or confirmed infection accompanied by an acute increase in Sequential Organ Failure Assessment [SOFA] score of ≥ 2 points) and Kidney Disease: Improving Global Outcomes (KDIGO) serum creatinine or urine output criteria within a seven-day window (Takeuchi et al., 2025; White et al., 2023; Zarbock et al., 2023). Beyond its immediate lethality in the intensive care unit (ICU), SA-AKI imposes a profound long-term healthcare burden: survivors experience prolonged dependence on renal replacement therapy (RRT), incomplete recovery of baseline glomerular filtration rate (GFR), accelerated maladaptive transition from acute tubular injury to tubulointerstitial fibrosis and chronic kidney disease (CKD), and substantially elevated five-year cardiovascular mortality (I. Budnick et al., 2026b; Xu et al., 2026). A systematic review of acute kidney injury in patients with cutaneous-origin sepsis also documented greater renal replacement therapy use and adverse hospital outcomes among patients with kidney injury, although its infection-specific scope limits generalisation to other sources of sepsis (Queiroz et al., 2025).
For more than half a century, the prevailing pathophysiological doctrine conceptualised SA-AKI primarily as a macrohemodynamic disorder driven by systemic arterial vasodilation, diminished effective arterial blood volume, intrarenal vasoconstriction, and consequent ischaemic acute tubular necrosis (Legrand et al., 2026; Zarbock et al., 2023). However, landmark post-mortem histopathological series and experimental large-animal hyperdynamic sepsis models have decisively refuted this purely ischaemic paradigm by demonstrating that severe SA-AKI frequently develops in the presence of preserved or even supranormal global renal blood flow, and that histologically overt tubular necrosis is sparse or focal across septic human kidneys (Legrand et al., 2026; Zarbock et al., 2023). Instead, contemporary systems pathobiology recognises SA-AKI as a complex immunometabolic syndrome orchestrated by three interrelated processes: first, peritubular capillary endothelial glycocalyx shedding, microvascular leukocyte sludging, and heterogeneous cortical–medullary microcirculatory shunting; second, pathogen-associated and damage-associated molecular pattern (PAMP/DAMP) recognition via Toll-like receptors (TLR2, TLR4, and TLR9) on proximal tubular epithelial cells (PTECs), triggering a bioenergetic switch from mitochondrial fatty acid β-oxidation (FAO) and oxidative phosphorylation toward aerobic glycolysis accompanied by mitophagy failure and ferroptosis; and third, profound disruption of the bidirectional gut–kidney axis characterised by splanchnic hypoperfusion, intestinal tight-junction breakdown, dysbiotic expansion of pathobionts, and systemic translocation of gut microbiota-derived metabolites and inflammatory cytokines into the systemic and renal circulation (Cheng et al., 2026; D. Li et al., 2026; Zarbock et al., 2023).
1.2 The Observational ICU Epiphenomenon Dilemma: Reverse Causation via Glomerular Filtration and Proximal Tubular OAT1/OAT3 Collapse
Despite the strong biological plausibility of the immunometabolic and gut–kidney paradigm, dozens of clinical trials targeting systemic pro-inflammatory cascades or putative nephrotoxic mediators in sepsis and SA-AKI have failed to demonstrate reproducible survival or renoprotective benefits (Legrand et al., 2026; Pickkers et al., 2024; Zarbock et al., 2023). A foundational epidemiological barrier underlying this translational impasse is the extreme susceptibility of observational ICU biomarker studies to reverse causation (kinetic retention) and intractable clinical confounding (I. Budnick et al., 2026b; Lei et al., 2026). Under physiological steady-state conditions, the healthy human kidney serves as the principal clearance organ for both low-molecular-weight circulating cytokines and protein-bound gut microbial metabolites (Dong et al., 2025; I. Budnick et al., 2026b; Lei et al., 2026). Specifically, circulating cytokines and chemokines with molecular masses below 25 to 30 kDa—including interleukin-6 (IL-6), interleukin-18 (IL-18), interleukin-10 (IL-10), interleukin-1 receptor antagonist (IL-1ra), monocyte chemoattractant protein-1 (MCP-1/CCL2), macrophage inflammatory protein-1β (MIP-1β/CCL4), and C-X-C motif chemokine ligand 10 (CXCL10/IP-10)—undergo rapid glomerular filtration followed by megalin/cubilin-mediated endocytosis and lysosomal hydrolysis within the brush border of S1 and S2 proximal tubular segments (I. Budnick et al., 2026b; Lei et al., 2026). Simultaneously, hydrophobic and amphipathic gut microbiota-derived solutes—including classical aromatic uremic toxins generated by colonic fermentation of dietary tyrosine and phenylalanine (p-cresol sulfate, p-cresol glucuronide, and phenylacetate), tryptophan-derived indoles (indoxyl sulfate and indoleacetylglutamine), kynurenine metabolites, and sulfated bile acid conjugates—are actively cleared from peritubular capillary blood across the basolateral membrane of PTECs via organic anion transporters 1 and 3 (OAT1/SLC22A6 and OAT3/SLC22A8) and organic anion transporting polypeptide 4C1 (OATP4C1/SLCO4C1), followed by apical efflux into tubular urine via multidrug resistance-associated proteins 2 and 4 (MRP2/ABCC2 and MRP4/ABCC4) and breast cancer resistance protein (BCRP/ABCG2) (Dong et al., 2025; Lei et al., 2026). Importantly, these clinical and experimental kinetic observations motivate—rather than establish a priori—the need for genetic instrumental variable designs to test whether lifelong endogenous differences in specific cytokines or gut metabolites contribute to sepsis or AKI susceptibility (Dong et al., 2025; I. Budnick et al., 2026b; Lei et al., 2026).
During the incipient hours of SA-AKI, endotoxemia and inflammatory cytokines acutely downregulate basolateral OAT1, OAT2, and OAT3 expression and function via protein kinase C (PKC)-dependent internalization, prostaglandin E2 signalling, and farnesoid X receptor (FXR)-mediated transcriptional repression while glomerular filtration pressure plummets due to efferent arteriolar dilation (Dong et al., 2025; Lei et al., 2026). Consequently, plasma concentrations of protein-bound uremic toxins, acylcarnitines, kynurenines, and low-molecular-weight cytokines rise steeply in critically ill patients as a direct kinetic consequence of impaired renal excretion, even when their de novo intestinal or systemic biosynthesis remains unchanged (Dong et al., 2025; I. Budnick et al., 2026b; Lei et al., 2026). At the same time, septic ICU patients are universally exposed to powerful iatrogenic confounders that simultaneously alter both the gut microbiome and renal haemodynamics: empirical broad-spectrum bactericidal β-lactams, carbapenems, and glycopeptides eradicate obligate anaerobic Clostridiales (such as Faecalibacterium prausnitzii, Roseburia intestinalis, and Eubacterium rectale) that synthesize renoprotective short-chain fatty acids (butyrate and propionate) while fostering overgrowth of proteolytic Enterobacteriaceae and Enterococcus species; high-dose norepinephrine and vasopressin infusions constrict mesenteric microvessels; and mechanical ventilation, proton-pump inhibitors, opioids, and parenteral nutrition arrest gastrointestinal motility and bile acid enterohepatic cycling (Cheng et al., 2026; D. Li et al., 2026; Xu et al., 2026). Therefore, conventional cross-sectional or short-term longitudinal ICU cohort studies cannot determine whether an elevated circulating cytokine or gut metabolite in SA-AKI is an upstream causal driver of disease or a passive downstream epiphenomenon of acute renal excretory failure. A recent review of antimicrobial de-escalation highlights the changing breadth of antibiotic exposure during acute infection management, underscoring the importance of treatment-related confounding in observational intensive care biomarker research (Kumari, 2026). In a clinical study incorporating instrumental-variable analyses, antianaerobic antibiotic exposure was associated with acute kidney injury in sepsis, with gut microbiome disruption proposed as a possible contributing pathway rather than an established mediator (Winner et al., 2026).
1.3 Methodological Challenge of Biobank Mendelian Randomisation in Critical Care and the Four-Layer Analytical Solution
Two-sample Mendelian randomisation (MR) provides a rigorous quasi-experimental framework to overcome both reverse causation and unmeasured clinical confounding by utilising germline genetic variants—single nucleotide polymorphisms (SNPs) randomly segregated at meiosis according to Mendel's laws—as lifelong, unconfounded instrumental variables (IVs) for endogenous circulating biomarkers (Burgess et al., 2013; Skrivankova et al., 2021). Because germline alleles are fixed at conception, they cannot be modified by adult onset of septic shock, acute GFR loss, OAT1/OAT3 downregulation, antibiotic exposure, or ICU organ support (Burgess et al., 2013; Skrivankova et al., 2021). However, applying MR to dissect the pathobiology of SA-AKI confronts a critical structural obstacle highlighted in recent methodological appraisals of critical care genomics: large-scale population biobanks—including FinnGen Release 12, the UK Biobank, and the NHGRI-EBI Genome-Wide Association Study (GWAS) Catalog—publish summary statistics separately for clinical sepsis and acute kidney injury across the general hospital population rather than a conditional ICU phenotype comparing septic patients who develop AKI against septic patients who remain free of AKI (Skrivankova et al., 2021; Yang et al., 2026). When investigators perform unadjusted single-outcome MR of circulating biomarkers against population-wide AKI alone, they cannot distinguish whether a putative genetic signal acts by increasing host susceptibility to severe systemic infection (which subsequently precipitates SA-AKI) or by directly sensitizing renal tubular and microvascular parenchyma to injury (Yang et al., 2026). Crucially, therefore, summary-level MR using population biobanks evaluates genetic associations with separate hospital-diagnosed sepsis and general AKI endpoints rather than conditional ICU sepsis-associated AKI (SA-AKI) directly (Hamilton et al., 2023; Skrivankova et al., 2021; Yang et al., 2026). A published bidirectional Mendelian randomisation analysis evaluated genetically proxied gut microbial taxa in relation to sepsis, complementing studies that examine circulating microbial metabolites rather than microbiota composition (Tang & Huang, 2024). A separate Mendelian randomisation and case-control study investigated relationships between gut microbial composition and acute kidney injury, without directly evaluating the joint genetic associations of circulating cytokines and metabolites with both sepsis and acute kidney injury (Liu et al., 2024).
The core scientific novelty of the present investigation lies in resolving this structural limitation through an integrated, STROBE-MR-compliant (Skrivankova et al., 2021) four-layer analytical architecture executed entirely on Genome Reference Consortium Human Build 38 (GRCh38) across 46 unique exposure instrument sets, 300 unique genomic SNP coordinates, 1,894 harmonised SNP–outcome pairs, and 305 MR regression models. In Layer 1 (Forward Biomarker Two-Sample MR), we systematically evaluated the causal effects of 21 circulating inflammatory cytokines—combining 14 non-Finnish European protein quantitative trait loci (pQTL) instruments from the SCALLOP consortium meta-analysis by Zhao et al. (2023) (N = 14,824, 0% sample overlap with FinnGen) and 7 classical ICU cytokine instruments from Ahola-Olli et al. (2017) (N ≤ 8,293)—together with 21 gut microbiota-derived plasma metabolites and immunometabolites from the Canadian Longitudinal Study on Aging (CLSA) atlas by Chen et al. (2023) (N = 8,299, 0% sample overlap with FinnGen or UK Biobank) against primary AKI and clinical sepsis endpoints in FinnGen Release 12.17 In Layer 2 (Cross-Biobank Replication MR), all forward biomarker-to-AKI causal models were independently replicated in the trans-biobank UK Biobank plus FinnGen meta-analysis reported by Sakaue et al. (2021) (GCST90018790). In Layer 3 (Bidirectional Disease and Reverse Biomarker MR), we quantified bidirectional disease causality between sepsis and AKI (Sepsis ↔ AKI) using both strict genome-wide significant instruments and validated polygenic instruments, and formally tested whether genetic liability to sepsis or AKI exerts reverse causal effects on circulating cytokines or metabolites. Finally, in Layer 4 (Two-Step Mediation MR), we coupled Step 1 biomarker-to-sepsis causal slopes with the Step 2 sepsis-to-AKI causal slope via the product-of-coefficients and bivariate Delta method to partition total AKI risk into systemic sepsis-mediated indirect effects versus direct non-sepsis renal parenchymal effects. By integrating these four layers, our objective was to evaluate a structured human genetic framework distinguishing robust disease-level associations from exploratory, hypothesis-generating immunometabolic leads. Specifically, we tested two prespecified, falsifiable hypotheses: (1) that genetic liability to clinical sepsis exerts a stronger forward association with hospital-diagnosed AKI than reverse AKI-to-sepsis liability, even after accounting for within-biobank sample overlap; and (2) that among 42 circulating cytokines and gut microbiota-derived metabolites, only a restricted subset of candidate pathways would show nominal multi-method associations with sepsis or AKI, whereas classical protein-bound uremic toxins and downstream ICU cytokine storm markers would be genetically null within the statistical power bounds of current pQTL and mQTL instruments (Burgess et al., 2013; Burgess et al., 2016; Carter et al., 2021; Skrivankova et al., 2021).
1.4 Research Gap and Study Objectives
Although previous studies have investigated sepsis, acute kidney injury, gut microbiota, and inflammatory biomarkers, the distinct associations of genetically proxied circulating cytokines and microbiota-derived metabolites with these two hospital-diagnosed outcomes remain incompletely characterised within a single bidirectional framework. The lack of an ICU-restricted sepsis-associated acute kidney injury summary dataset further limits direct assessment of the conditional phenotype.
The objective of the present study was to assess genetic associations of 21 circulating inflammatory cytokines and 21 gut microbiota-derived plasma metabolites with clinical sepsis and acute kidney injury through forward and bidirectional Mendelian randomisation, cross-biobank replication, and exploratory two-step mediation analyses. The study also sought to compare the sepsis-to-acute kidney injury and acute kidney injury-to-sepsis pathways while evaluating the implications of sample overlap.
2. MATERIALS AND METHODS
2.1 Study Design, STROBE-MR Protocol Compliance, and Four-Layer Genomic Architecture
This study was designed, executed, and reported in full compliance with the Strengthening the Reporting of Observational Studies in Epidemiology Using Mendelian Randomisation (STROBE-MR) guidelines (Skrivankova et al., 2021). All summary-level genetic association statistics for endogenous exposures and clinical outcomes were standardised to human genome reference build GRCh38 (hg38) from their primary institutional repositories—specifically the NHGRI-EBI GWAS Catalog Harmonised Summary Statistics resource (Sollis et al., 2023) and the FinnGen Release 12 national biobank archive (Kurki et al., 2023)—allowing exact physical chromosome and base-pair coordinate alignment across all 46 exposure sets and 3 outcome cohorts. The study protocol and analytical plan were not pre-registered in an external registry; a completed STROBE-MR reporting checklist and complete SNP-level summary tables are provided to ensure full transparency (Skrivankova et al., 2021).
To overcome the absence of an ICU-restricted conditional SA-AKI summary dataset in public biobanks while rigorously addressing horizontal pleiotropy and reverse causation, our statistical genetics protocol was organised into four complementary analytical layers: Layer 1 evaluated forward two-sample causal associations of 21 circulating inflammatory cytokines and 21 gut microbiota-derived metabolites against primary hospital-diagnosed AKI and clinical sepsis in FinnGen Release 12; Layer 2 tested independent cross-biobank replication of all 42 biomarker-to-AKI causal estimates in the trans-biobank UK Biobank plus FinnGen meta-analysis; Layer 3 assessed bidirectional disease causality between sepsis and AKI (Sepsis ↔ AKI) under dual instrument stringency tiers and audited 14 reverse biomarker MR models testing whether genetic liability to sepsis or AKI alters circulating biomarker levels; and Layer 4 executed Two-Step Mediation MR to decompose total biomarker effects on AKI into systemic sepsis-mediated indirect effects and direct non-sepsis renal parenchymal effects.
2.2 Exposure and Outcome GWAS Cohorts, Effective Sample Size Formulation, and Sample Overlap Audit
Across Layer 1, we curated 42 distinct endogenous biomarker exposures divided into 21 circulating inflammatory cytokines and 21 gut microbiota-derived plasma metabolites and immunometabolites. Our primary non-overlapping cytokine panel comprised 14 circulating inflammatory proteins (CCL11/Eotaxin, CCL19/MIP-3β, CCL25/TECK, CXCL10/IP-10, CXCL11/I-TAC, FGF-19, IL-12B/IL-12p40, IL-18, IL-6 cis-IL6R, MMP-1, SCF/Kit ligand, TRAIL/TNFSF10, uPA/PLAU, and VEGF-A; GWAS Catalog accessions GCST90274764 through GCST90274848) from the SCALLOP consortium meta-analysis by Zhao et al. (2023) which quantified plasma protein levels using the Olink Target 96 Inflammation proximity extension assay across N = 14,824 participants of non-Finnish European ancestry (0% sample overlap with FinnGen Release 12). To ensure coverage of classical ICU cytokine storm mediators that exhibit broader polygenic architectures, we additionally extracted 7 cytokine traits (IL-6, IL-18, MCP-1/CCL2, MIP-1β/CCL4, IP-10/CXCL10, IL-10, and IL-1ra; accessions GCST004433 through GCST004447) from the Cardiovascular Risk in Young Finns Study (YFS) and FINRISK meta-analysis by Ahola-Olli et al. (2017) (N = 3,636 to 8,293 Finnish participants quantified via Bio-Plex 27-plex and 21-plex magnetic bead immunoassays).
Our gut microbiota-derived metabolite panel comprised 21 plasma metabolites and host–microbe co-metabolites extracted from the Canadian Longitudinal Study on Aging (CLSA) metabolome-wide GWAS by Chen et al. (2023) (accessions GCST90199621 through GCST90200673; N = 8,299 unrelated Canadian participants of European ancestry profiled on the ultrahigh-performance liquid chromatography–tandem mass spectroscopy [UPLC-MS/MS] Metabolon HD4 platform, guaranteeing 0% sample overlap with both FinnGen Release 12 and the UK Biobank). These 21 metabolites were selected a priori to represent six canonical gut–kidney pathophysiological axes in critical illness: (1) hepatobiliary–microbiota sulfated bile acid conjugates (glycochenodeoxycholate 3-sulfate, glycodeoxycholate 3-sulfate, and taurocholenate sulfate); (2) microbial tryptophan–indole ligands of the aryl hydrocarbon receptor (AhR) and pregnane X receptor (PXR) (3-formylindole, indoleacetoylcarnitine, indoleacetylglutamine, indolelactate, and indolepropionate [IPA]); (3) commensal short-chain fatty acid (SCFA) acylcarnitine esters (butyrylcarnitine [C4], isobutyrylcarnitine [C4], and propionylcarnitine [C3]); (4) dietary quaternary amine precursors of trimethylamine N-oxide (TMAO) (betaine, deoxycarnitine, L-carnitine, and N,N,N-trimethyl-5-aminovalerate [TMAVA]); (5) classical colonic proteolytic aromatic uremic toxins (p-cresol glucuronide and phenylacetate); and (6) inflammatory tryptophan–indoleamine 2,3-dioxygenase 1 (IDO1)–kynurenine pathway immunometabolites (kynurenine, kynurenate, N-acetylkynurenine, and 6-bromotryptophan).
Outcome summary statistics were extracted from three large-scale biobank datasets aligned to GRCh38. Primary Outcome 1 was acute kidney injury in FinnGen Release 12 (Kurki et al., 2023), specifically phenocode N14-ACUTERENFAIL (defined via national hospital discharge and cause-of-death ICD-10 code N17 and ICD-9 code 584: 8,383 AKI cases and 480,448 controls; total N = 488,831). Primary Outcome 2 was clinical sepsis in FinnGen Release 12 (Kurki et al., 2023), specifically phenocode AB1-OTHER-SEPSIS (defined via ICD-10 codes A40 and A41 and ICD-9 code 038: 17,133 sepsis cases and 439,048 controls; total N = 456,181). Layer 2 cross-biobank replication for AKI was conducted in the trans-biobank meta-analysis of UK Biobank and FinnGen reported by Sakaue et al. (2021) (GWAS Catalog accession GCST90018790: 7,695 AKI cases and 474,571 controls; total N = 482,266). Because statistical power and Steiger variance calculations in binary case–control GWAS depend on case–control balance rather than raw total sample size, we computed the effective sample size (Neff) for each binary outcome cohort using the exact harmonic formulation Neff = 4 × Ncases × Ncontrols / (Ncases + Ncontrols), yielding Neff = 32,957 for FinnGen Release 12 AKI, Neff = 65,959 for FinnGen Release 12 sepsis, and Neff = 30,289 for the UK Biobank–FinnGen AKI meta-analysis. The summary characteristics, phenotype definitions, sample denominators, ancestry profiles, and sample overlap percentages for all exposure and outcome cohorts are detailed in Table 1. Importantly, we explicitly audited sample and phenotype overlap across all exposure–outcome pairs: while SCALLOP (Zhao et al., 2023 N = 14,824 non-Finnish Europeans) and CLSA (Chen et al., 2023 N = 8,299 Canadian Europeans) have 0% participant overlap with FinnGen Release 12, the YFS/FINRISK cytokine cohort (Ahola-Olli et al., 2017 N ≤ 8,293 Finnish participants) partially overlaps with FinnGen Release 12. Furthermore, within-FinnGen disease analyses (AB1-OTHER-SEPSIS, N = 456,181 vs. N14-ACUTERENFAIL, N = 488,831) share up to 93.3% participant overlap within the same national hospital registry (where acute renal failure can also be co-coded during septic admissions), and the Sakaue et al. (2021) trans-biobank AKI meta-analysis (GCST90018790: combining UK Biobank European hospital records with early FinnGen freeze data) represents partial, non-independent cross-biobank replication rather than an entirely independent cohort (Burgess et al., 2016; Kurki et al., 2023; Sakaue et al., 2021).

Table 1. Summary Characteristics, Phenotype Definitions, and Sample Sizes of Exposure and Outcome Genome-Wide Association Study (GWAS) Cohorts
	Analytical Role
	Consortium / Primary Study
	GWAS Accession / Endpoint Code
	Sample Size & Ancestry (Sample Overlap)
	Phenotyping Platform / Clinical Case Definition (Genome Build)

	Primary Circulating Cytokine Exposures (Non-Finnish)
	SCALLOP Consortium; Zhao et al. 2023 (Nat Immunol, PMID: 37563310)
	14 studies (GCST90274764 to GCST90274848)
	N = 14,824 European individuals (0% sample overlap with FinnGen)
	Olink Target 96 Inflammation PEA panel; inverse-rank normal transformed plasma levels (GRCh38)

	Classical ICU Cytokine Panel Exposures (Polygenic)
	YFS / FINRISK; Ahola-Olli et al. 2017 (Am J Hum Genet, PMID: 27989323)
	7 studies (GCST004433 to GCST004447)
	N = 3,636 to 8,293 Finnish individuals (mitigated via F > 20 & UKB replication) ; partial Finnish participant overlap with FinnGen R12 acknowledged and audited via F > 20 & non-Finnish SCALLOP comparison.
	Bio-Plex 27-plex and 21-plex magnetic bead immunoassays; age- and sex-adjusted residuals (GRCh38)

	Gut Microbiota Metabolite & Immunometabolite Exposures
	CLSA Cohort; Chen et al. 2023 (Nat Genet, PMID: 36635386)
	21 studies (GCST90199621 to GCST90200673)
	N = 8,299 Canadian European individuals (0% overlap with FinnGen or UK Biobank)
	Metabolon HD4 UPLC-MS/MS platform; log-transformed batch-normalized plasma metabolite levels (GRCh38)

	Primary Clinical Outcome 1: Acute Kidney Injury (AKI)
	FinnGen Release 12 (Kurki et al. 2023, PMID: 36653562)
	N14-ACUTERENFAIL
	8,383 AKI cases / 480,448 controls (Total N = 488,831; Neff = 32,957)
	National Hospital Discharge & Cause-of-Death Registry ICD-10 code N17 and ICD-9 code 584 (GRCh38)

	Primary Clinical Outcome 2: Clinical Sepsis
	FinnGen Release 12 (Kurki et al. 2023, PMID: 36653562)
	AB1-OTHER-SEPSIS
	17,133 Sepsis cases / 439,048 controls (Total N = 456,181; Neff = 65,959)
	National Hospital Discharge & Cause-of-Death Registry ICD-10 codes A40–A41 and ICD-9 code 038 (GRCh38)

	Cross-Biobank Replication Outcome: AKI Meta-Analysis
	UK Biobank + FinnGen Meta-Analysis; Sakaue et al. 2021 (Nat Genet, PMID: 34594039)
	GCST90018790
	7,695 AKI cases / 474,571 controls (Total N = 482,266; Neff = 30,289) ; partial non-independent replication cohort (combines UK Biobank with early FinnGen European freeze).
	Trans-biobank inpatient hospital ICD-10 code N17 and ICD-9 code 584 meta-analysis (GRCh38)


Abbreviations: AKI, acute kidney injury; CLSA, Canadian Longitudinal Study on Aging; GRCh38, Genome Reference Consortium Human Build 38; GWAS, genome-wide association study; ICD, International Classification of Diseases; ICU, intensive care unit; Neff, effective sample size calculated as 4 × Ncases × Ncontrols / (Ncases + Ncontrols); PEA, proximity extension assay; SCALLOP, Systematic and Combined AnaLysis of Olink Proteins; UPLC-MS/MS, ultrahigh-performance liquid chromatography–tandem mass spectroscopy; UKB, UK Biobank; YFS, Cardiovascular Risk in Young Finns Study.

2.3 Genetic Instrument Selection, Dual-Tier Architecture, Linkage Disequilibrium Clumping, and Allele Harmonisation
To ensure valid causal inference under the three core instrumental variable assumptions—relevance (Assumption 1: the genetic variant is robustly associated with the exposure), independence (Assumption 2: the variant is independent of exposure–outcome confounders), and exclusion restriction (Assumption 3: the variant affects the outcome exclusively through the exposure without horizontal pleiotropy) (Burgess et al., 2013; Skrivankova et al., 2021)—we implemented a rigorous, pre-specified instrument selection protocol on GRCh38. For all 14 non-Finnish SCALLOP cytokines in Zhao et al. (2023) and all 21 CLSA plasma metabolites in Chen et al. (2023) we enforced the strict genome-wide significance threshold of P < 5 × 10-8. For the 7 classical ICU cytokines in Ahola-Olli et al. (2017) and the bidirectional clinical disease exposures in Layer 3 (where binary hospital phenotypes exhibit high polygenicity and sparse genome-wide loci), we implemented a transparent dual-tier instrument architecture: Tier 1 evaluated strict genome-wide significant instruments (P < 5 × 10-8), while Tier 2 evaluated validated polygenic instruments meeting P < 5 × 10-6 combined with a mandatory per-SNP minimum instrument strength filter of F-statistic > 20. Linkage disequilibrium (LD) clumping was executed directly on GRCh38 physical coordinates by sorting candidate variants by ascending p-value and iteratively pruning any variant located within a ±10,000 kb (10 Mb) window on the same chromosome, conservatively guaranteeing r2 < 0.001 in European reference populations. Linkage disequilibrium (LD) clumping (±10,000 kb window, r2 < 0.001) was referenced against the 1000 Genomes Project Phase 3 European reference panel (N = 503) lifted over to GRCh38. Different significance thresholds (strict genome-wide P < 5 × 10-8 for cis/trans-anchored pQTL and mQTL biomarkers in Zhao et al. (2023) and Chen et al. (2023) versus dual-tier P < 5 × 10-8 and polygenic P < 5 × 10-6 with F > 20 for Ahola-Olli et al. (2017) cytokines and binary hospital sepsis/AKI phenotypes) were pre-specified because binary ICD-coded hospital endpoints and smaller multiplex immunoassays exhibit more diffuse polygenic architectures with few genome-wide significant loci (Burgess et al., 2013; Burgess et al., 2016).
For each independent genetic instrument j (j = 1, ..., k), the exposure regression slope (βexp,j) and its standard error (SEexp,j) were extracted directly from the harmonised summary file or derived from the published 95% confidence interval via SEexp,j = (CIupper,j − CIlower,j) / (2 × 1.959964) and verified against the two-sided normal test statistic Zj = βexp,j / SEexp,j. Per-SNP instrument strength was quantified using the exact F-statistic formula Fj = (βexp,j / SEexp,j)2, and the proportion of phenotypic exposure variance explained by SNP j was calculated as R2exp,j = Fj / (Nexp − 2 + Fj). In accordance with weak-instrument asymptotic theory (Burgess et al., 2013), the relative bias of two-sample IVW toward the null (or toward the confounded observational estimate under partial overlap) is bounded by 1 / E[F]. Any variant with Fj ≤ 10 was excluded a priori; across our final harmonised dataset of 300 unique SNPs, the minimum observed F-statistic was 20.4 (bounding maximum relative weak-instrument bias to < 4.9%) and the maximum F-statistic was 5,240.6. Exact exposure units and transformations were standardised as follows: 1-SD of inverse-rank normal transformed Olink NPX plasma protein units in Zhao et al. (2023) 1-SD of age- and sex-adjusted Bio-Plex fluorescence residuals in Ahola-Olli et al. (2017) 1-SD of log-transformed batch-normalised Metabolon HD4 peak intensities in Chen et al. (2023) and per 1-unit increase in log-odds of genetic liability for binary sepsis and AKI endpoints. Note that 0% sample overlap between exposure and outcome cohorts prevents weak-instrument bias from shifting two-sample IVW estimates toward the confounded observational association (bias toward the null still scales as 1/E[F], whereas winner's curse depends on discovery-cohort instrument selection); under sample overlap proportion λ, expected relative bias toward the observational log-odds βobs is bounded by λ / E[F] (Burgess et al., 2016), which equals ≤ 0.933 / 23.5 = 3.97% (or ≤ 4.25% at 100% overlap) for the polygenic FinnGen sepsis instrument. Statistical power and minimal detectable effect (MDE at 80% power, two-sided α = 0.05) were calculated via the Brion et al. non-centrality χ2 formulation using Neff and cumulative instrument R2_exp (Burgess et al., 2013; Burgess et al., 2016).
Allele harmonisation between exposure and outcome cohorts was executed at the exact GRCh38 chromosome and base-pair position. For each SNP j, the exposure effect allele (EAexp,j) and other allele (OAexp,j) were compared against the outcome effect allele (EAout,j) and reference allele (OAout,j). When EAexp,j matched EAout,j and OAexp,j matched OAout,j, the outcome effect size was retained unchanged (βout,harm,j = +βout,j). When EAexp,j matched OAout,j and OAexp,j matched EAout,j (allele swap), the outcome regression coefficient was inverted (βout,harm,j = −βout,j) and the outcome effect allele frequency was complemented (EAFout,harm,j = 1 − EAFout,j). For non-palindromic variants located on opposite DNA strands, alleles were complemented via Watson–Crick base pairing (A ↔ T, C ↔ G) prior to alignment. Palindromic variants (A/T or C/G alleles) exhibiting intermediate allele frequencies (0.42 ≤ EAF ≤ 0.58 in either the exposure or outcome cohort) were strictly excluded from all downstream analyses to prevent strand-ambiguity sign errors.
2.4 Statistical Estimators, Heterogeneity and Pleiotropy Diagnostics, Steiger Directionality, and Two-Step Mediation
For exposures instrumented by k = 1 independent genetic variant (such as the functional cis-IL6R variant rs2228145, indolepropionate variant rs34655000 at ACSM2A, p-cresol glucuronide, and phenylacetate), causal effects were estimated using the exact Wald ratio βIV = βout,harm / βexp with first-order Delta-method standard error SEIV = |SEout / βexp|. For exposures instrumented by k ≥ 2 independent variants, our primary causal estimator was multiplicative random-effects inverse-variance weighted (IVW) meta-analysis of the individual SNP Wald ratios (Burgess et al., 2013). Specifically, assigning each SNP j an inverse-variance weight wj = βexp,j2 / SEout,j2, the point estimate was computed as βIVW = (∑j=1k wj βIV,j) / (∑j=1k wj), with fixed-effects standard error SEIVW,FE = 1 / √(∑j=1k wj). Inter-instrument heterogeneity was quantified using Cochran's Q statistic, Q = ∑j=1k wj (βIV,j − βIVW)2, tested against a central χ2 distribution with k − 1 degrees of freedom (phet), along with the inconsistency index I2 = max(0, (Q − (k − 1)) / Q). To ensure conservative inference whenever inter-SNP dispersion exceeded random expectation (Q > k − 1), the multiplicative random-effects standard error was inflated according to SEIVW,RE = SEIVW,FE × √max(1, Q / (k − 1)), and two-sided p-values were derived as p = 2 Φ(−|βIVW / SEIVW,RE|) (Burgess et al., 2013).
For multi-variant exposures with k ≥ 3 independent SNPs, primary IVW estimates were systematically triangulated against two orthogonal pleiotropy-robust estimators. First, MR-Egger regression (Bowden et al., 2015) fits an unconstrained weighted linear regression of βout,harm,j on βexp,j (after orienting all exposure alleles positively, βexp,j > 0) with an estimated intercept α0: βout,harm,j = α0 + βEgger βexp,j + εj. Under the Instrument Strength Independent of Direct Effect (InSIDE) assumption, a non-zero MR-Egger intercept (ppleio < 0.05) diagnoses directional (unbalanced) horizontal pleiotropy, while the slope βEgger provides a bias-corrected causal estimate (Bowden et al., 2015). Second, the Weighted Median estimator (Bowden et al., 2016) orders the individual SNP Wald ratios βIV,(1) ≤ ... ≤ βIV,(k) and computes the median of their normalised inverse-variance weight distribution, yielding a consistent causal estimate even when up to 50% of the total instrument weight derives from invalid, horizontally pleiotropic variants (with standard error estimated via 1,000 parametric bootstrap replications). Furthermore, we applied the MR Steiger directionality test (Hemani et al., 2017) to every SNP and exposure summary by comparing the variance explained in the exposure (R2exp) against the variance explained in the outcome on the effective sample size scale (R2out = Fout / (Neff,out − 2 + Fout)), confirming valid forward causal orientation whenever R2exp > R2out and ZSteiger > 0. Iterative leave-one-out (LOO) sensitivity analysis (Burgess et al., 2016) was performed by recalculating βIVW after omitting each SNP in turn to verify that no single genetic locus monopolized the causal estimate. Because Cochran's Q, MR-Egger regression (which has only k − 2 = 1 to 3 degrees of freedom when k = 3 to 5 SNPs), and leave-one-out permutations have limited statistical power in small-k biomarker panels, we additionally conducted four rigorous sensitivity audits: (i) Mendelian Randomisation Pleiotropy RESidual Sum and Outlier (MR-PRESSO; 5,000 simulations) global and outlier-corrected tests for all multi-SNP exposures with k ≥ 4; (ii) approximate Bayes factor colocalization (coloc.abf within ±500 kb cis windows) reporting posterior probability of a shared causal variant (PP.H4) for cis-anchored instruments (IL6R rs2228145, ACADS rs3916, SLCO1B1 rs4149056, SULT2A1 rs62129966, and NAT8 rs13392272); (iii) multivariable MR (MVMR) (Bowden et al., 2015; Bowden et al., 2016; Burgess et al., 2016; Hemani et al., 2017) conditioning candidate AKI biomarker instruments (particularly N-acetylkynurenine anchored at the kidney-expressed NAT8 locus rs13392272, sulfated bile acids at SLCO1B1, and IL-12B at SH2B3) on baseline kidney function (CKDGen consortium log-eGFR summary statistics) and systemic C-reactive protein (CRP) / IL-6 signalling; and (iv) sample-overlap-corrected MRlap estimation alongside a fully non-overlapping external sepsis-to-AKI validation using independent UK Biobank 28-day sepsis GWAS instruments (Hamilton et al., 2023 / IEU OpenGWAS ieu-b-4980, N = 486,484 non-Finnish Europeans, 0% overlap with FinnGen) tested against FinnGen Release 12 AKI.
In Layer 4, Two-Step Mediation MR (Carter et al., 2021) was implemented to decompose the total genetic effect of each candidate cytokine or gut metabolite on AKI (βtotal, estimated in Layer 1 against FinnGen Release 12 AKI) into an indirect causal effect mediated via clinical sepsis (βind) and an unmediated direct renal parenchymal effect (βdir). Specifically, let β1 ± SE1 denote the Step 1 IVW causal slope of the exposure biomarker on FinnGen Release 12 clinical sepsis (AB1-OTHER-SEPSIS), and let β2 ± SE2 denote the Step 2 polygenic IVW causal slope of FinnGen Release 12 clinical sepsis on FinnGen Release 12 AKI (N14-ACUTERENFAIL: β2 = ln(1.281) = +0.2473, SE2 = 0.0383, p = 1.01 × 10-10). By the product-of-coefficients theorem (Carter et al., 2021), the sepsis-mediated indirect effect on log-odds of AKI is βind = β1 × β2. The asymptotic standard error of βind was derived via the first-order bivariate Delta method (Sobel covariance formula under independent two-step estimation) as SEind = √(β12 SE22 + β22 SE12), yielding the mediation test statistic Zind = βind / SEind and two-sided mediation p-value pind = 2 Φ(−|Zind|). The direct non-sepsis renal effect was computed as βdir = βtotal − βind. Across all hypothesis families, raw two-sided p-values were adjusted for multiple comparisons using the Benjamini–Hochberg false discovery rate (BH-FDR) procedure. Binary outcome estimates are expressed as odds ratios (OR = exp(β)) with 95% confidence intervals (95% CI = exp(β ± 1.959964 × SE)). All statistical modelling and high-resolution figure generation were executed in Python 3.11 using SciPy, Statsmodels, NumPy, Pandas, and Matplotlib. In accordance with contemporary MR mediation methodology (Carter et al., 2021), Layer 4 Two-Step Mediation MR was explicitly framed as an exploratory decomposition subject to four methodological constraints: (a) classical causal mediation requires a statistically significant total effect (βtotal) of the exposure on the outcome, whereas when βtotal is null, product-of-coefficients indirect pathways (βind = β1 × β2) quantify only the theoretical pathway component operating via the intermediate phenotype; (b) when βtotal and βind have opposite algebraic signs (inconsistent mediation or statistical suppression, as observed for CCL19 and polygenic IL-6), the proportion mediated (βind / βtotal) is undefined and cannot be interpreted as a fraction of total risk; (c) unmediated direct effects (βdir = βtotal − βind) are reported with Delta-method/bootstrap standard errors SEdir = √(SEtotal2 + SEind2) and 95% confidence intervals (1,000 bootstrap draws) and represent unmediated associations with hospital-coded AKI rather than biopsy-proven direct renal parenchymal toxicity; and (d) all 12 mediation p-values (pind) were corrected for multiple testing using the Benjamini–Hochberg procedure (BH-FDRind) (Carter et al., 2021).
3. RESULTS
3.1 Audit of Genetic Instrument Strength, Palindromic Filtering, and Steiger Directionality Across 46 Exposure Sets
Across all four analytical layers, genome-wide instrumental variable selection on GRCh38 followed by 10,000 kb LD clumping yielded 46 unique exposure instrument sets encompassing 300 unique genomic SNP coordinates, 1,894 harmonised SNP–outcome pairs, and 305 completed MR regression models. As detailed in Table 2 and illustrated in Figure 1, 100% of retained genetic instruments substantially surpassed the canonical weak-instrument threshold of F = 10, thereby eliminating weak-instrument bias as a plausible explanation for any positive or null finding. Across all 300 unique SNPs, individual variant F-statistics spanned two orders of magnitude from a minimum of F = 20.4 (observed in the polygenic IL-18 panel from Ahola-Olli et al., 2017) to a maximum of F = 5,240.6 (observed for the functional missense variant rs3916 at the ACADS locus instrumenting plasma butyrylcarnitine C4 in Chen et al., 2023), while exposure-level mean F-statistics ranged from 22.6 (IL-1ra) to 1,828.4 (butyrylcarnitine C4).
Granular inspection of allele harmonisation across the four exposure families confirmed coordinate and strand consistency on GRCh38, as detailed in Table 2 and depicted in Figure 1. First, among the 14 non-Finnish European circulating cytokines from the SCALLOP consortium (Zhao et al., 2023 N = 14,824, all selected at P < 5 × 10-8), 50 independent LD-clumped SNPs were initially identified; exactly 49 SNPs (98.0%) were successfully harmonised across all three outcome biobanks, with only 1 ambiguous palindromic variant excluded in the CCL19 instrument panel (leaving k = 3 harmonised SNPs for CCL19, mean F = 180.8, min F = 66.8). Exposure-level mean F-statistics across the 14 Zhao et al. (2023) cytokines ranged from 92.3 for urokinase-type plasminogen activator (uPA, k = 5, min F = 41.6), 94.5 for CXCL11 (k = 4, min F = 41.3), and 96.7 for fibroblast growth factor 19 (FGF-19, k = 3, min F = 47.1) to 432.4 for matrix metalloproteinase-1 (MMP-1, k = 3, min F = 45.5), 432.6 for VEGF-A (k = 3, min F = 47.1), 638.0 for CXCL10/IP-10 (k = 2, min F = 79.9), and 1,607.7 for C-C motif chemokine 25 (CCL25/TECK, k = 3, min F = 192.9). Second, among the 7 classical ICU cytokines from Ahola-Olli et al. (2017) (N ≤ 8,293), 92 of 113 initial polygenic SNPs were retained after palindromic and outcome-proxy filtering, exhibiting mean F-statistics from 22.6 (IL-1ra, k = 12, min F = 20.6) and 23.5 (IL-6, k = 10, min F = 20.8) to 42.9 (IL-10, k = 14, min F = 20.6) and 118.5 (MIP-1β/CCL4, k = 14, min F = 20.6). Third, among the 21 gut microbiota-derived plasma metabolites from the CLSA cohort (Chen et al., 2023 N = 8,299, all selected at P < 5 × 10-8), 70 independent SNPs were initially clumped and 65 SNPs (92.9%) were retained after excluding exactly 5 intermediate-frequency palindromic variants: 1 in taurocholenate sulfate (4 of 5 retained, mean F = 148.0, min F = 38.2), 1 in butyrylcarnitine C4 (3 of 4 retained, mean F = 1,828.4, min F = 97.1), 1 in betaine (4 of 5 retained, mean F = 124.1, min F = 66.5), 1 in TMAVA (3 of 4 retained, mean F = 73.6, min F = 40.1), and 1 in N-acetylkynurenine (4 of 5 retained, mean F = 340.1, min F = 40.3). Finally, across the 4 bidirectional clinical disease instrument sets in Layer 3, 89 of 89 clumped SNPs (100%) harmonised cleanly in FinnGen Release 12 (strict Sepsis k = 3, mean F = 31.6, min F = 30.0; polygenic Sepsis k = 48, mean F = 23.5, min F = 20.9; strict AKI k = 2 at UMOD, mean F = 31.7, min F = 28.4; polygenic AKI k = 36, mean F = 23.1, min F = 20.5). Crucially, as summarised in Table 2 and Figure 1, 100% of retained instruments across all 46 exposure sets passed the MR Steiger directionality test (R2exp > R2out, all ZSteiger > 0), confirming valid exposure-to-outcome causal orientation.

Table 2. Genetic Instrument Strength (F-Statistic), Linkage Disequilibrium Clumping, and Steiger Directionality Audit Across All 46 Exposure Sets
	Exposure Trait
	GWAS Accession
	Biological Domain
	SNPs (Retained / Initial)
	Mean F-Stat
	Min F-Stat
	Steiger Directionality Valid

	Sepsis (Polygenic P < 5 × 10-6)
	AB1-OTHER-SEPSIS
	Clinical Endpoint (Polygenic)
	48 / 48
	23.5
	20.9
	Yes (100%)

	Sepsis (Strict GW P < 5 × 10-8)
	AB1-OTHER-SEPSIS
	Clinical Endpoint (Strict GW)
	3 / 3
	31.6
	30.0
	Yes (100%)

	AKI (Polygenic P < 5 × 10-6)
	N14-ACUTERENFAIL
	Clinical Endpoint (Polygenic)
	36 / 36
	23.1
	20.5
	Yes (100%)

	AKI (Strict GW P < 5 × 10-8, UMOD)
	N14-ACUTERENFAIL
	Clinical Endpoint (Strict GW)
	2 / 2
	31.7
	28.4
	Yes (100%)

	IL-10 (Ahola-Olli 2017)
	GCST004444
	Cytokine (ICU Panel)
	14 / 16
	42.9
	20.6
	Yes (100%)

	IL-18 (Ahola-Olli 2017)
	GCST004441
	Cytokine (ICU Panel)
	16 / 20
	33.3
	20.4
	Yes (100%)

	IL-1ra (Ahola-Olli 2017)
	GCST004447
	Cytokine (ICU Panel)
	12 / 17
	22.6
	20.6
	Yes (100%)

	IL-6 (Ahola-Olli 2017)
	GCST004446
	Cytokine (ICU Panel)
	10 / 13
	23.5
	20.8
	Yes (100%)

	IP-10 / CXCL10 (Ahola-Olli 2017)
	GCST004440
	Cytokine (ICU Panel)
	12 / 16
	25.2
	20.5
	Yes (100%)

	MCP-1 / CCL2 (Ahola-Olli 2017)
	GCST004438
	Cytokine (ICU Panel)
	14 / 15
	40.6
	20.7
	Yes (100%)

	MIP-1β / CCL4 (Ahola-Olli 2017)
	GCST004433
	Cytokine (ICU Panel)
	14 / 16
	118.5
	20.6
	Yes (100%)

	CCL11 / Eotaxin (Zhao 2023)
	GCST90274764
	Cytokine (Zhao 2023)
	4 / 4
	102.1
	44.6
	Yes (100%)

	CCL19 (Zhao 2023)
	GCST90274765
	Cytokine (Zhao 2023)
	3 / 4
	180.8
	66.8
	Yes (100%)

	CCL25 (Zhao 2023)
	GCST90274768
	Cytokine (Zhao 2023)
	3 / 3
	1607.7
	192.9
	Yes (100%)

	CXCL10 / IP-10 (Zhao 2023)
	GCST90274780
	Cytokine (Zhao 2023)
	2 / 2
	638.0
	79.9
	Yes (100%)

	CXCL11 (Zhao 2023)
	GCST90274781
	Cytokine (Zhao 2023)
	4 / 4
	94.5
	41.3
	Yes (100%)

	FGF-19 (Zhao 2023)
	GCST90274787
	Cytokine (Zhao 2023)
	3 / 3
	96.7
	47.1
	Yes (100%)

	IL-12B (Zhao 2023)
	GCST90274798
	Cytokine (Zhao 2023)
	7 / 7
	332.3
	39.3
	Yes (100%)

	IL-18 (Zhao 2023)
	GCST90274803
	Cytokine (Zhao 2023)
	2 / 2
	234.2
	212.6
	Yes (100%)

	IL-6 cis-IL6R (Zhao 2023)
	GCST90274815
	Cytokine (Zhao 2023)
	1 / 1
	173.5
	173.5
	Yes (100%)

	MMP-1 (Zhao 2023)
	GCST90274826
	Cytokine (Zhao 2023)
	3 / 3
	432.4
	45.5
	Yes (100%)

	SCF (Zhao 2023)
	GCST90274833
	Cytokine (Zhao 2023)
	6 / 6
	141.5
	41.6
	Yes (100%)

	TRAIL (Zhao 2023)
	GCST90274843
	Cytokine (Zhao 2023)
	3 / 3
	224.0
	64.7
	Yes (100%)

	VEGF-A (Zhao 2023)
	GCST90274848
	Cytokine (Zhao 2023)
	3 / 3
	432.6
	47.1
	Yes (100%)

	uPA (Zhao 2023)
	GCST90274847
	Cytokine (Zhao 2023)
	5 / 5
	92.3
	41.6
	Yes (100%)

	Glycochenodeoxycholate 3-sulfate
	GCST90200022
	Metabolite (Bile Acid)
	5 / 5
	99.9
	37.6
	Yes (100%)

	Glycodeoxycholate 3-sulfate
	GCST90200026
	Metabolite (Bile Acid)
	3 / 3
	302.7
	101.4
	Yes (100%)

	Taurocholenate sulfate
	GCST90199839
	Metabolite (Bile Acid)
	4 / 5
	148.0
	38.2
	Yes (100%)

	3-formylindole (I3A)
	GCST90200184
	Metabolite (Indole-AhR)
	5 / 5
	198.0
	38.3
	Yes (100%)

	Indoleacetoylcarnitine
	GCST90200203
	Metabolite (Indole-AhR)
	3 / 3
	229.1
	54.2
	Yes (100%)

	Indoleacetylglutamine
	GCST90199817
	Metabolite (Indole-AhR)
	2 / 2
	124.0
	85.0
	Yes (100%)

	Indolelactate (ILA)
	GCST90199650
	Metabolite (Indole-AhR)
	2 / 2
	108.5
	69.4
	Yes (100%)

	Indolepropionate (IPA)
	GCST90199686
	Metabolite (Indole-AhR)
	1 / 1
	120.4
	120.4
	Yes (100%)

	Butyrylcarnitine (C4)
	GCST90200673
	Metabolite (SCFA-Carnitine)
	3 / 4
	1828.4
	97.1
	Yes (100%)

	Isobutyrylcarnitine (C4)
	GCST90199698
	Metabolite (SCFA-Carnitine)
	4 / 4
	201.4
	42.2
	Yes (100%)

	Propionylcarnitine (C3)
	GCST90199708
	Metabolite (SCFA-Carnitine)
	4 / 4
	114.3
	83.1
	Yes (100%)

	Betaine
	GCST90200425
	Metabolite (TMAO/Choline)
	4 / 5
	124.1
	66.5
	Yes (100%)

	Deoxycarnitine (gBB)
	GCST90199813
	Metabolite (TMAO/Choline)
	3 / 3
	216.7
	60.0
	Yes (100%)

	L-Carnitine
	GCST90199621
	Metabolite (TMAO/Choline)
	3 / 3
	258.4
	63.5
	Yes (100%)

	TMAVA
	GCST90200147
	Metabolite (TMAO/Choline)
	3 / 4
	73.6
	40.1
	Yes (100%)

	Phenylacetate
	GCST90199630
	Metabolite (Uremic Toxin)
	1 / 1
	74.1
	74.1
	Yes (100%)

	p-cresol glucuronide
	GCST90200003
	Metabolite (Uremic Toxin)
	1 / 1
	52.6
	52.6
	Yes (100%)

	Kynurenate
	GCST90200454
	Immunometabolite (Kynurenine)
	3 / 3
	151.8
	44.5
	Yes (100%)

	Kynurenine
	GCST90199636
	Immunometabolite (Kynurenine)
	3 / 3
	81.3
	53.4
	Yes (100%)

	N-acetylkynurenine
	GCST90200015
	Immunometabolite (Kynurenine)
	4 / 5
	340.1
	40.3
	Yes (100%)

	6-bromotryptophan
	GCST90200201
	Immunometabolite (Tryptophan)
	4 / 4
	154.1
	60.0
	Yes (100%)


Note: All retained genetic instruments satisfied F-statistic = (βexp / SEexp)2 > 10 (observed minimum F = 20.4; mean F range = 22.6 to 1,828.4), LD independence (r2 < 0.001 within a ≥ 10,000 kb physical window on GRCh38), exclusion of ambiguous palindromic SNPs (0.42 ≤ EAF ≤ 0.58), and 100% Steiger directionality validity (R2exp > R2out).
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Figure 1. Genetic instrument strength and GRCh38 allele harmonization audit across all 46 exposure sets (300 unique genomic coordinates; 1,894 harmonized SNP–outcome pairs; 305 MR models): (A) mean and maximum per-SNP F-statistics across representative circulating inflammatory cytokines, gut microbiota-derived plasma metabolites, and clinical disease instruments on a logarithmic scale (all retained SNPs F > 20.4; range 20.4 to 5,240.6 at ACADS rs3916 for butyrylcarnitine C4), and (B) harmonized versus excluded palindromic SNP counts and 100% MR Steiger directionality concordance across the four exposure families.

3.2 Layer 1 and Layer 2 Forward Causal Effects of 21 Circulating Inflammatory Cytokines on AKI and Sepsis
Complete forward two-sample MR results for all 21 circulating inflammatory cytokines against Primary Outcome 1 (FinnGen Release 12 AKI, N14-ACUTERENFAIL: 8,383 cases / 480,448 controls), Primary Outcome 2 (FinnGen Release 12 sepsis, AB1-OTHER-SEPSIS: 17,133 cases / 439,048 controls), and the Layer 2 cross-biobank replication cohort (UK Biobank plus FinnGen AKI meta-analysis, GCST90018790: 7,695 cases / 474,571 controls) are detailed in Table 3 and illustrated in Figure 2. Evaluating direct genetic effects on AKI in FinnGen Release 12, genetically predicted circulating interleukin-12 subunit beta (IL-12B / IL-12p40; GCST90274798, k = 7 SNPs, mean F = 332.3) showed a nominal risk-increasing genetic association (IVW OR = 1.065, 95% CI 1.006–1.127, p = 0.0290; BH-FDR = 0.486), whereas its effect on clinical sepsis was null (OR = 1.030, 95% CI 0.943–1.124, p = 0.510). Concurrently, genetically elevated levels of the thymic and intestinal mucosal chemokine CCL25 (TECK; GCST90274768, k = 3 SNPs, mean F = 1,607.7) exhibited a borderline renoprotective association against FinnGen Release 12 AKI (IVW OR = 0.960, 95% CI 0.921–1.001, p = 0.055; BH-FDR = 0.486; sepsis OR = 0.983, 95% CI 0.953–1.013, p = 0.268). When evaluated in the Layer 2 UK Biobank plus FinnGen AKI meta-analysis, neither IL-12B (IVW OR = 0.982, 95% CI 0.881–1.094, p = 0.739) nor CCL25 (IVW OR = 1.009, 95% CI 0.894–1.138, p = 0.885) replicated, reflecting cohort heterogeneity between national hospital ICD-coded AKI in FinnGen and broader biobank meta-analysis definitions, as detailed in Table 3. Crucially, neither IL-12B nor CCL25 survived Benjamini–Hochberg multiple-testing correction across the 42 biomarkers (BH-FDR = 0.486) or replicated in the UKB–FinnGen meta-analysis, indicating that these findings represent cohort-specific nominal associations rather than established causal effects.
By contrast, forward MR against clinical sepsis in FinnGen Release 12 identified four nominally significant immunomodulatory cytokine signals with clear biological coherence, as detailed in Table 3 and illustrated in Figure 2. First, genetically predicted plasma concentrations of TNF-related apoptosis-inducing ligand (TRAIL / TNFSF10; GCST90274843, k = 3 SNPs, mean F = 224.0) significantly increased susceptibility to clinical sepsis (IVW OR = 1.094, 95% CI 1.024–1.168, p = 0.0075; BH-FDR = 0.162), while showing no direct unmediated effect on FinnGen AKI (OR = 1.034, 95% CI 0.916–1.167, p = 0.594) or UKB–FinnGen Meta AKI (OR = 1.026, 95% CI 0.842–1.250, p = 0.797). Second, genetically predicted levels of the homeostatic lymphoid trafficking chemokine CCL19 (MIP-3β; GCST90274765, k = 3 SNPs, mean F = 180.8) showed a nominally significant protective association against clinical sepsis (IVW OR = 0.917, 95% CI 0.861–0.977, p = 0.0077; BH-FDR = 0.162), alongside a null direct effect on FinnGen AKI (OR = 1.040, 95% CI 0.950–1.137, p = 0.395) and a directionally concordant borderline protective association against AKI in the Layer 2 UKB–FinnGen meta-analysis (IVW OR = 0.900, 95% CI 0.799–1.015, p = 0.086). Third, the functional cis-IL6R instrument in Zhao et al. (2023) (GCST90274815, k = 1 SNP rs2228145 [Asp358Ala], F = 173.5)—where each copy of the C allele increases proteolytic cleavage of membrane-bound IL-6R into soluble IL-6R, thereby mimicking pharmacological IL-6 receptor blockade by dampening classical transmembrane IL-6R signalling—significantly reduced the risk of clinical sepsis (Wald OR = 0.858, 95% CI 0.745–0.989, p = 0.0346; BH-FDR = 0.370) and exhibited a concordant borderline protective effect against FinnGen Release 12 AKI (Wald OR = 0.835, 95% CI 0.684–1.020, p = 0.078; BH-FDR = 0.486; Meta AKI OR = 0.944, 95% CI 0.781–1.142, p = 0.556). Fourth, this protective IL-6 signalling axis was independently corroborated by the 10-SNP polygenic IL-6 instrument from Ahola-Olli et al. (2017) against FinnGen sepsis (GCST004446, k = 10 SNPs, mean F = 23.5: IVW OR = 0.918, 95% CI 0.845–0.998, p = 0.0441; BH-FDR = 0.370; FinnGen AKI OR = 1.041, 95% CI 0.889–1.218, p = 0.619; Meta AKI OR = 1.095, 95% CI 0.974–1.231, p = 0.127). Regarding the single-SNP cis-IL6R instrument in Zhao et al. (2023) (rs2228145, k = 1), it is important to note that the exposure GWAS quantifies circulating IL-6 protein concentration (per 1-SD increase, where rs2228145 alters soluble IL-6R shedding and downstream CRP/fibrinogen levels), cannot be evaluated via multi-SNP pleiotropy estimators, and was not accompanied by a concordant polygenic IL-6 effect on AKI (FinnGen AKI OR = 1.041, p = 0.619); thus, all four sepsis-associated cytokine signals (BH-FDR = 0.162–0.370) must be interpreted cautiously as exploratory leads.
Crucially, across all remaining 15 cytokine exposures—including the canonical downstream ICU cytokine storm markers widely reported in observational SA-AKI cohorts—forward MR estimates were uniformly null for both AKI and sepsis, as detailed in Table 3 and Figure 2 (Fang et al., 2024; Hamilton et al., 2023; Hu et al., 2025; Huai & Ye, 2025; Jiang & Li, 2024). Specifically, genetically proxied IL-18 showed no causal effect on AKI or sepsis whether instrumented via non-Finnish pQTLs in Zhao et al. (2023) (GCST90274803, k = 2, mean F = 234.2: FinnGen AKI OR = 1.060, 95% CI 0.937–1.199, p = 0.357; FinnGen sepsis OR = 0.996, 95% CI 0.847–1.172, p = 0.965; Meta AKI OR = 0.974, 95% CI 0.806–1.177, p = 0.784) or via polygenic variants in Ahola-Olli et al. (2017) (GCST004441, k = 16, mean F = 33.3: FinnGen AKI OR = 1.015, 95% CI 0.971–1.060, p = 0.516; FinnGen sepsis OR = 1.029, 95% CI 0.993–1.066, p = 0.113; Meta AKI OR = 0.960, 95% CI 0.917–1.005, p = 0.084). Likewise, completely null effects were observed for MCP-1/CCL2 (GCST004438, k = 14, mean F = 40.6: FinnGen AKI OR = 1.000, 95% CI 0.925–1.082, p = 0.993; sepsis OR = 0.998, 95% CI 0.942–1.056, p = 0.935; Meta AKI OR = 1.008, 95% CI 0.929–1.094, p = 0.852), MIP-1β/CCL4 (GCST004433, k = 14, mean F = 118.5: FinnGen AKI OR = 0.964, 95% CI 0.920–1.010, p = 0.121; sepsis OR = 0.993, 95% CI 0.954–1.033, p = 0.733; Meta AKI OR = 1.027, 95% CI 0.971–1.087, p = 0.350), CXCL10/IP-10 in both Zhao et al. (2023) (GCST90274780, k = 2, mean F = 638.0: FinnGen AKI OR = 1.027, 95% CI 0.888–1.187, p = 0.724; sepsis OR = 1.039, 95% CI 0.965–1.118, p = 0.313; Meta AKI OR = 1.056, 95% CI 0.910–1.226, p = 0.471) and Ahola-Olli et al. (2017) (GCST004440, k = 12, mean F = 25.2: FinnGen AKI OR = 0.948, 95% CI 0.849–1.059, p = 0.345; sepsis OR = 1.023, 95% CI 0.955–1.095, p = 0.519; Meta AKI OR = 1.050, 95% CI 0.964–1.142, p = 0.263), IL-10 (GCST004444, k = 14, mean F = 42.9: FinnGen AKI OR = 1.003, 95% CI 0.901–1.115, p = 0.963; sepsis OR = 0.988, 95% CI 0.935–1.044, p = 0.675; Meta AKI OR = 0.993, 95% CI 0.913–1.080, p = 0.877), IL-1ra (GCST004447, k = 12, mean F = 22.6: FinnGen AKI OR = 0.938, 95% CI 0.846–1.041, p = 0.229; sepsis OR = 0.963, 95% CI 0.909–1.020, p = 0.197; Meta AKI OR = 0.995, 95% CI 0.913–1.083, p = 0.903), uPA (GCST90274847, k = 5, mean F = 92.3: FinnGen AKI OR = 0.918, 95% CI 0.811–1.039, p = 0.174; sepsis OR = 0.921, 95% CI 0.844–1.006, p = 0.068; Meta AKI OR = 0.921, 95% CI 0.809–1.047, p = 0.209), SCF (GCST90274833, k = 6, mean F = 141.5: FinnGen AKI OR = 0.936, 95% CI 0.807–1.086, p = 0.386; sepsis OR = 1.024, 95% CI 0.949–1.105, p = 0.538; Meta AKI OR = 0.910, 95% CI 0.821–1.009, p = 0.074), VEGF-A (GCST90274848, k = 3, mean F = 432.6: FinnGen AKI OR = 1.027, 95% CI 0.959–1.100, p = 0.440; sepsis OR = 0.976, 95% CI 0.920–1.036, p = 0.425; Meta AKI OR = 1.013, 95% CI 0.938–1.095, p = 0.735), MMP-1 (GCST90274826, k = 3, mean F = 432.4: FinnGen AKI OR = 1.001, 95% CI 0.918–1.091, p = 0.986; sepsis OR = 0.987, 95% CI 0.929–1.050, p = 0.684; Meta AKI OR = 1.064, 95% CI 0.976–1.160, p = 0.160), FGF-19 (GCST90274787, k = 3, mean F = 96.7: FinnGen AKI OR = 0.899, 95% CI 0.775–1.043, p = 0.160; sepsis OR = 0.932, 95% CI 0.833–1.041, p = 0.213; Meta AKI OR = 0.878, 95% CI 0.642–1.202, p = 0.417), CCL11/Eotaxin (GCST90274764, k = 4, mean F = 102.1: FinnGen AKI OR = 0.927, 95% CI 0.801–1.074, p = 0.314; sepsis OR = 1.025, 95% CI 0.933–1.126, p = 0.610; Meta AKI OR = 1.085, 95% CI 0.943–1.247, p = 0.254), and CXCL11 (GCST90274781, k = 4, mean F = 94.5: FinnGen AKI OR = 0.995, 95% CI 0.815–1.213, p = 0.957; sepsis OR = 1.100, 95% CI 0.972–1.244, p = 0.132; Meta AKI OR = 1.070, 95% CI 0.937–1.221, p = 0.319).

Table 3. Forward Two-Sample Mendelian Randomization Estimates of 21 Circulating Inflammatory Cytokines on Acute Kidney Injury and Clinical Sepsis
	Circulating Cytokine Exposure
	k
	AKI FinnGen R12 OR (95% CI)
	pAKI
	Sepsis FinnGen R12 OR (95% CI)
	pSepsis
	AKI UKB+FinnGen Meta OR (95% CI)
	pMeta

	IL-12B (Zhao 2023)
	7
	1.065 (1.006–1.127)*
	0.0290
	1.030 (0.943–1.124)
	0.510
	0.982 (0.881–1.094)
	0.739

	TRAIL (Zhao 2023)
	3
	1.034 (0.916–1.167)
	0.594
	1.094 (1.024–1.168)**
	0.0075
	1.026 (0.842–1.250)
	0.797

	CCL19 (Zhao 2023)
	3
	1.040 (0.950–1.137)
	0.395
	0.917 (0.861–0.977)**
	0.0077
	0.900 (0.799–1.015)
	0.086

	IL-6 cis-IL6R (Zhao 2023)
	1
	0.835 (0.684–1.020)
	0.078
	0.858 (0.745–0.989)*
	0.0346
	0.944 (0.781–1.142)
	0.556

	CCL25 (Zhao 2023)
	3
	0.960 (0.921–1.001)
	0.055
	0.983 (0.953–1.013)
	0.268
	1.009 (0.894–1.138)
	0.885

	uPA (Zhao 2023)
	5
	0.918 (0.811–1.039)
	0.174
	0.921 (0.844–1.006)
	0.068
	0.921 (0.809–1.047)
	0.209

	SCF (Zhao 2023)
	6
	0.936 (0.807–1.086)
	0.386
	1.024 (0.949–1.105)
	0.538
	0.910 (0.821–1.009)
	0.074

	VEGF-A (Zhao 2023)
	3
	1.027 (0.959–1.100)
	0.440
	0.976 (0.920–1.036)
	0.425
	1.013 (0.938–1.095)
	0.735

	MMP-1 (Zhao 2023)
	3
	1.001 (0.918–1.091)
	0.986
	0.987 (0.929–1.050)
	0.684
	1.064 (0.976–1.160)
	0.160

	FGF-19 (Zhao 2023)
	3
	0.899 (0.775–1.043)
	0.160
	0.932 (0.833–1.041)
	0.213
	0.878 (0.642–1.202)
	0.417

	CCL11 / Eotaxin (Zhao 2023)
	4
	0.927 (0.801–1.074)
	0.314
	1.025 (0.933–1.126)
	0.610
	1.085 (0.943–1.247)
	0.254

	CXCL11 (Zhao 2023)
	4
	0.995 (0.815–1.213)
	0.957
	1.100 (0.972–1.244)
	0.132
	1.070 (0.937–1.221)
	0.319

	IL-18 (Zhao 2023)
	2
	1.060 (0.937–1.199)
	0.357
	0.996 (0.847–1.172)
	0.965
	0.974 (0.806–1.177)
	0.784

	CXCL10 / IP-10 (Zhao 2023)
	2
	1.027 (0.888–1.187)
	0.724
	1.039 (0.965–1.118)
	0.313
	1.056 (0.910–1.226)
	0.471

	IL-6 (Ahola-Olli 2017)
	10
	1.041 (0.889–1.218)
	0.619
	0.918 (0.845–0.998)*
	0.0441
	1.095 (0.974–1.231)
	0.127

	IL-18 (Ahola-Olli 2017)
	16
	1.015 (0.971–1.060)
	0.516
	1.029 (0.993–1.066)
	0.113
	0.960 (0.917–1.005)
	0.084

	MCP-1 / CCL2 (Ahola-Olli 2017)
	14
	1.000 (0.925–1.082)
	0.993
	0.998 (0.942–1.056)
	0.935
	1.008 (0.929–1.094)
	0.852

	MIP-1β / CCL4 (Ahola-Olli 2017)
	14
	0.964 (0.920–1.010)
	0.121
	0.993 (0.954–1.033)
	0.733
	1.027 (0.971–1.087)
	0.350

	IP-10 / CXCL10 (Ahola-Olli 2017)
	12
	0.948 (0.849–1.059)
	0.345
	1.023 (0.955–1.095)
	0.519
	1.050 (0.964–1.142)
	0.263

	IL-10 (Ahola-Olli 2017)
	14
	1.003 (0.901–1.115)
	0.963
	0.988 (0.935–1.044)
	0.675
	0.993 (0.913–1.080)
	0.877

	IL-1ra (Ahola-Olli 2017)
	12
	0.938 (0.846–1.041)
	0.229
	0.963 (0.909–1.020)
	0.197
	0.995 (0.913–1.083)
	0.903


*Nominal p < 0.05; **nominal p < 0.01. Estimates represent inverse-variance weighted (IVW) multiplicative random-effects odds ratios (or Wald ratio when k = 1) per 1-SD genetically predicted change in circulating cytokine concentration. After Benjamini–Hochberg FDR adjustment across all 42 forward biomarkers, individual cytokine signals are nominal (BH-FDR = 0.162 for TRAIL and CCL19 on sepsis; BH-FDR = 0.370 for IL-6 cis-IL6R and polygenic IL-6 on sepsis; BH-FDR = 0.486 for IL-12B and CCL25 on AKI).
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Figure 2. Forward two-sample Mendelian randomization forest plots comparing inverse-variance weighted (IVW) odds ratios and 95% confidence intervals across FinnGen Release 12 AKI (N14-ACUTERENFAIL: 8,383 cases / 480,448 controls), FinnGen Release 12 sepsis (AB1-OTHER-SEPSIS: 17,133 cases / 439,048 controls), and UK Biobank plus FinnGen AKI meta-analysis (GCST90018790: 7,695 cases / 474,571 controls) for (A) priority and classical ICU circulating inflammatory cytokines (highlighting IL-12B, TRAIL, CCL19, cis-IL6R, and CCL25 vs. null IL-18 and MCP-1) and (B) gut microbiota-derived metabolites across sulfated bile acid, SCFA acylcarnitine, tryptophan–kynurenine, indole, and classical uremic toxin axes.

3.3 Layer 1 and Layer 2 Forward Causal Effects of 21 Gut Microbiota-Derived Metabolites Across Six Functional Axes
Forward two-sample MR estimates for the 21 gut microbiota-derived plasma metabolites and immunometabolites from the CLSA cohort (Chen et al., 2023) all instrumented at P < 5 × 10-8 with 0% sample overlap against FinnGen and UK Biobank, revealed a striking functional stratification across the six pre-specified metabolic pathways, as detailed in Table 4. First, along the hepatobiliary–microbiota sulfated bile acid axis, none of the three sulfated bile acid conjugates survived BH-FDR correction (BH-FDR = 0.486–0.538) or achieved statistically significant replication across both AKI datasets, as shown in Table 4. Specifically, genetically elevated plasma glycochenodeoxycholate 3-sulfate (GCST90200022, k = 5 SNPs anchored by SLCO1B1 rs4149056 [F = 345.9] and SLC10A2 rs55971546 [F = 43.3]; mean F = 99.9) significantly increased the risk of AKI in the Layer 2 UK Biobank plus FinnGen meta-analysis (IVW OR = 1.124, 95% CI 1.021–1.238, p = 0.0173; BH-FDR = 0.538), while showing neutral effects on FinnGen AKI (OR = 0.997, 95% CI 0.868–1.145, p = 0.964) and FinnGen sepsis (OR = 1.019, 95% CI 0.929–1.117, p = 0.690). Concurrently, genetically predicted plasma taurocholenate sulfate (GCST90199839, k = 4 SNPs anchored by SULT2A1 rs62129966 [F = 321.1] and SLCO1B1 rs57743625 [F = 169.3]; mean F = 148.0) significantly increased the risk of AKI in FinnGen Release 12 (IVW OR = 1.089, 95% CI 1.013–1.172, p = 0.0213; BH-FDR = 0.486; sepsis OR = 0.978, 95% CI 0.929–1.030, p = 0.404; Meta AKI OR = 1.003, 95% CI 0.925–1.088, p = 0.945). Furthermore, the secondary bile acid conjugate glycodeoxycholate 3-sulfate (GCST90200026, k = 3 SNPs anchored by SLCO1B1 rs4149056 [F = 795.9] and SULT2A1 rs212100 [F = 79.9]; mean F = 302.7)—which requires colonic bacterial 7α-dehydroxylation of cholic acid to deoxycholic acid prior to hepatic glycine conjugation and 3-O-sulfation—was statistically non-significant in both AKI datasets, showing only borderline positive trends in both FinnGen Release 12 (IVW OR = 1.063, 95% CI 0.997–1.133, p = 0.063; BH-FDR = 0.486) and the UK Biobank plus FinnGen meta-analysis (IVW OR = 1.062, 95% CI 0.990–1.138, p = 0.092; BH-FDR = 0.538; sepsis OR = 0.979, 95% CI 0.935–1.024, p = 0.353).
Second, along the commensal short-chain fatty acid (SCFA) acylcarnitine axis, genetically predicted plasma butyrylcarnitine (C4) (GCST90200673, k = 3 SNPs dominated by the cis-ACADS coding variant rs3916 [F = 5,240.6] alongside SDK1 rs11764389 [F = 187.3] and LINC02475 rs6849193 [F = 57.3]; mean F = 1,828.4) conferred a nominally significant renoprotective effect against AKI in the UK Biobank plus FinnGen meta-analysis (IVW OR = 0.958, 95% CI 0.923–0.995, p = 0.0256; BH-FDR = 0.538; FinnGen AKI OR = 1.000, 95% CI 0.964–1.038, p = 0.992; sepsis OR = 0.992, 95% CI 0.966–1.018, p = 0.545), whereas branched-chain valine-derived isobutyrylcarnitine (C4) (GCST90199698, k = 4, mean F = 201.4: FinnGen AKI OR = 0.989, 95% CI 0.915–1.068, p = 0.774; sepsis OR = 1.039, 95% CI 0.982–1.100, p = 0.183; Meta AKI OR = 0.979, 95% CI 0.887–1.081, p = 0.677) and odd-chain propionylcarnitine (C3) (GCST90199708, k = 4, mean F = 114.3: FinnGen AKI OR = 1.013, 95% CI 0.924–1.111, p = 0.779; sepsis OR = 0.996, 95% CI 0.932–1.064, p = 0.899; Meta AKI OR = 1.064, 95% CI 0.948–1.194, p = 0.291) were completely null, as detailed in Table 4. Third, along the inflammatory tryptophan–IDO1–kynurenine pathway, genetically elevated N-acetylkynurenine (GCST90200015, k = 4 SNPs located at ALMS1P1/NAT8 rs13392272 [F = 1,105.0], ACY3 rs10840516 [F = 156.9], KMO rs61825638 [F = 64.5], and AFMID rs72897843 [F = 34.0]; mean F = 340.1) nominally increased the risk of AKI in FinnGen Release 12 (IVW OR = 1.062, 95% CI 1.000–1.128, p = 0.0491; BH-FDR = 0.486) without affecting sepsis susceptibility (OR = 1.006, 95% CI 0.965–1.050, p = 0.773; Meta AKI OR = 0.977, 95% CI 0.893–1.068, p = 0.604). Conversely, genetically proxied 6-bromotryptophan (GCST90200201, k = 4 SNPs, mean F = 154.1) significantly increased the risk of clinical sepsis in FinnGen Release 12 (IVW OR = 1.091, 95% CI 1.006–1.184, p = 0.0360; BH-FDR = 0.370; FinnGen AKI OR = 1.042, 95% CI 0.959–1.133, p = 0.333; Meta AKI OR = 0.949, 95% CI 0.858–1.050, p = 0.312), while unconjugated kynurenine (GCST90199636, k = 3, mean F = 81.3: FinnGen AKI OR = 1.082, 95% CI 0.913–1.284, p = 0.363; sepsis OR = 1.052, 95% CI 0.951–1.165, p = 0.325; Meta AKI OR = 0.910, 95% CI 0.672–1.231, p = 0.539) and kynurenate (GCST90200454, k = 3, mean F = 151.8: FinnGen AKI OR = 0.984, 95% CI 0.893–1.084, p = 0.746; sepsis OR = 1.013, 95% CI 0.946–1.085, p = 0.715; Meta AKI OR = 0.891, 95% CI 0.788–1.007, p = 0.064) did not reach statistical significance.
Fourth, along the microbial tryptophan–indole AhR/PXR signalling axis, indolepropionate (IPA; GCST90199686, k = 1 SNP rs34655000 at the renal acyl-CoA synthetase ACSM2A locus, F = 120.4) exhibited a borderline renoprotective direction against FinnGen Release 12 AKI (Wald OR = 0.899, 95% CI 0.798–1.013, p = 0.081; BH-FDR = 0.486; sepsis OR = 1.020, 95% CI 0.937–1.110, p = 0.647; Meta AKI OR = 0.893, 95% CI 0.754–1.059, p = 0.193), whereas the remaining four indole derivatives were statistically null across all outcomes, as detailed in Table 4: 3-formylindole (GCST90200184, k = 5, mean F = 198.0: FinnGen AKI OR = 1.030, 95% CI 0.962–1.103, p = 0.393; sepsis OR = 1.009, 95% CI 0.961–1.058, p = 0.728; Meta AKI OR = 1.016, 95% CI 0.950–1.087, p = 0.645), indoleacetoylcarnitine (GCST90200203, k = 3, mean F = 229.1: FinnGen AKI OR = 1.036, 95% CI 0.972–1.105, p = 0.274; sepsis OR = 0.967, 95% CI 0.924–1.012, p = 0.152; Meta AKI OR = 0.948, 95% CI 0.802–1.120, p = 0.530), indoleacetylglutamine (GCST90199817, k = 2, mean F = 124.0: FinnGen AKI OR = 1.052, 95% CI 0.962–1.149, p = 0.267; sepsis OR = 0.961, 95% CI 0.889–1.039, p = 0.321; Meta AKI OR = 0.974, 95% CI 0.778–1.220, p = 0.820), and indolelactate (GCST90199650, k = 2, mean F = 108.5: FinnGen AKI OR = 0.916, 95% CI 0.674–1.245, p = 0.574; sepsis OR = 0.927, 95% CI 0.746–1.152, p = 0.495; Meta AKI OR = 1.154, 95% CI 0.929–1.432, p = 0.195). Fifth, all analysed aromatic uremic toxins and dietary quaternary amine TMAO precursors showed null genetic associations with both AKI and sepsis, as shown in Table 4: p-cresol glucuronide (GCST90200003, k = 1, F = 52.6: FinnGen AKI Wald OR = 0.902, 95% CI 0.670–1.214, p = 0.496; FinnGen sepsis OR = 0.978, 95% CI 0.792–1.207, p = 0.834; Meta AKI OR = 1.128, 95% CI 0.856–1.486, p = 0.392), phenylacetate (GCST90199630, k = 1, F = 74.1: FinnGen AKI Wald OR = 1.183, 95% CI 0.911–1.536, p = 0.207; FinnGen sepsis OR = 1.154, 95% CI 0.958–1.390, p = 0.131; Meta AKI OR = 1.096, 95% CI 0.828–1.450, p = 0.521), betaine (GCST90200425, k = 4, mean F = 124.1: FinnGen AKI OR = 0.991, 95% CI 0.906–1.084, p = 0.846; sepsis OR = 0.985, 95% CI 0.924–1.049, p = 0.633; Meta AKI OR = 0.949, 95% CI 0.831–1.084, p = 0.442), TMAVA (GCST90200147, k = 3, mean F = 73.6: FinnGen AKI OR = 0.921, 95% CI 0.805–1.055, p = 0.235; sepsis OR = 1.063, 95% CI 0.966–1.170, p = 0.213; Meta AKI OR = 1.112, 95% CI 0.930–1.330, p = 0.245), L-carnitine (GCST90199621, k = 3, mean F = 258.4: FinnGen AKI OR = 1.039, 95% CI 0.954–1.132, p = 0.377; sepsis OR = 0.979, 95% CI 0.922–1.041, p = 0.501; Meta AKI OR = 0.999, 95% CI 0.924–1.080, p = 0.979), and deoxycarnitine (GCST90199813, k = 3, mean F = 216.7: FinnGen AKI OR = 1.053, 95% CI 0.965–1.149, p = 0.244; sepsis OR = 0.980, 95% CI 0.921–1.042, p = 0.514; Meta AKI OR = 1.062, 95% CI 0.972–1.161, p = 0.182) (Berg et al., 2023; Duan et al., 2025; Falconi et al., 2023; Foresto-Neto et al., 2026; I. Budnick et al., 2026a; Jiménez-Esquivel et al., 2025; Kakareko et al., 2025; Lekbach et al., 2026; Liu et al., 2025; Liu et al., 2026; Pan et al., 2026; Wang et al., 2023; X. Li et al., 2026; Zhou et al., 2026). Statistical power and minimal detectable effect (MDE at 80% power, α = 0.05) calculations indicated that while multi-SNP biomarker instruments explaining R2_exp = 1.5% to 39.2% of phenotypic variance had 80% power to detect ORs of 1.06 to 1.15 in FinnGen AKI (Neff = 32,957), single-SNP uremic toxin instruments explaining smaller variance—specifically p-cresol glucuronide (k = 1, R2_exp = 0.63%, 80% MDE OR = 1.48; 95% CI 0.670–1.214) and phenylacetate (k = 1, R2_exp = 0.88%, 80% MDE OR = 1.40; 95% CI 0.911–1.536)—had wide confidence intervals and limited power to exclude modest effects; moreover, indoxyl sulfate, p-cresol sulfate, and free TMAO were not available in the CLSA GWAS panel.

Table 4. Forward Two-Sample Mendelian Randomization Estimates of 21 Gut Microbiota-Derived Metabolites and Immunometabolites on Acute Kidney Injury and Clinical Sepsis
	Gut Microbiota Metabolite / Immunometabolite
	Metabolic Axis
	k
	AKI FinnGen R12 OR (95% CI)
	pAKI
	Sepsis FinnGen R12 OR (95% CI)
	pSepsis
	AKI UKB+FinnGen Meta OR (95% CI)
	pMeta

	3-formylindole (I3A)
	Indole-AhR
	5
	1.030 (0.962–1.103)
	0.393
	1.009 (0.961–1.058)
	0.728
	1.016 (0.950–1.087)
	0.645

	Indoleacetoylcarnitine
	Indole-AhR
	3
	1.036 (0.972–1.105)
	0.274
	0.967 (0.924–1.012)
	0.152
	0.948 (0.802–1.120)
	0.530

	Indoleacetylglutamine
	Indole-AhR
	2
	1.052 (0.962–1.149)
	0.267
	0.961 (0.889–1.039)
	0.321
	0.974 (0.778–1.220)
	0.820

	Indolelactate (ILA)
	Indole-AhR
	2
	0.916 (0.674–1.245)
	0.574
	0.927 (0.746–1.152)
	0.495
	1.154 (0.929–1.432)
	0.195

	Indolepropionate (IPA)
	Indole-AhR
	1
	0.899 (0.798–1.013)
	0.081
	1.020 (0.937–1.110)
	0.647
	0.893 (0.754–1.059)
	0.193

	N-acetylkynurenine
	Kynurenine
	4
	1.062 (1.000–1.128)*
	0.0491
	1.006 (0.965–1.050)
	0.773
	0.977 (0.893–1.068)
	0.604

	Kynurenine
	Kynurenine
	3
	1.082 (0.913–1.284)
	0.363
	1.052 (0.951–1.165)
	0.325
	0.910 (0.672–1.231)
	0.539

	Kynurenate
	Kynurenine
	3
	0.984 (0.893–1.084)
	0.746
	1.013 (0.946–1.085)
	0.715
	0.891 (0.788–1.007)
	0.064

	6-bromotryptophan
	Tryptophan
	4
	1.042 (0.959–1.133)
	0.333
	1.091 (1.006–1.184)*
	0.0360
	0.949 (0.858–1.050)
	0.312

	Betaine
	TMAO/Choline
	4
	0.991 (0.906–1.084)
	0.846
	0.985 (0.924–1.049)
	0.633
	0.949 (0.831–1.084)
	0.442

	TMAVA
	TMAO/Choline
	3
	0.921 (0.805–1.055)
	0.235
	1.063 (0.966–1.170)
	0.213
	1.112 (0.930–1.330)
	0.245

	L-Carnitine
	TMAO/Choline
	3
	1.039 (0.954–1.132)
	0.377
	0.979 (0.922–1.041)
	0.501
	0.999 (0.924–1.080)
	0.979

	Deoxycarnitine (gBB)
	TMAO/Choline
	3
	1.053 (0.965–1.149)
	0.244
	0.980 (0.921–1.042)
	0.514
	1.062 (0.972–1.161)
	0.182

	Butyrylcarnitine (C4)
	SCFA-Carnitine
	3
	1.000 (0.964–1.038)
	0.992
	0.992 (0.966–1.018)
	0.545
	0.958 (0.923–0.995)*
	0.0256

	Isobutyrylcarnitine (C4)
	SCFA-Carnitine
	4
	0.989 (0.915–1.068)
	0.774
	1.039 (0.982–1.100)
	0.183
	0.979 (0.887–1.081)
	0.677

	Propionylcarnitine (C3)
	SCFA-Carnitine
	4
	1.013 (0.924–1.111)
	0.779
	0.996 (0.932–1.064)
	0.899
	1.064 (0.948–1.194)
	0.291

	Glycochenodeoxycholate 3-sulfate
	Bile Acid
	5
	0.997 (0.868–1.145)
	0.964
	1.019 (0.929–1.117)
	0.690
	1.124 (1.021–1.238)*
	0.0173

	Glycodeoxycholate 3-sulfate
	Bile Acid
	3
	1.063 (0.997–1.133)
	0.063
	0.979 (0.935–1.024)
	0.353
	1.062 (0.990–1.138)
	0.092

	Taurocholenate sulfate
	Bile Acid
	4
	1.089 (1.013–1.172)*
	0.0213
	0.978 (0.929–1.030)
	0.404
	1.003 (0.925–1.088)
	0.945

	p-cresol glucuronide
	Uremic Toxin
	1
	0.902 (0.670–1.214)
	0.496
	0.978 (0.792–1.207)
	0.834
	1.128 (0.856–1.486)
	0.392

	Phenylacetate
	Uremic Toxin
	1
	1.183 (0.911–1.536)
	0.207
	1.154 (0.958–1.390)
	0.131
	1.096 (0.828–1.450)
	0.521


*Nominal p < 0.05. All 21 metabolite exposures were instrumented using genome-wide significant SNPs (P < 5 × 10-8) from the Canadian Longitudinal Study on Aging (CLSA, Chen et al. 2023, N = 8,299) with 0% sample overlap with FinnGen or UK Biobank. After Benjamini–Hochberg FDR correction across 42 forward exposures, individual metabolite associations represent nominal evidence (BH-FDR = 0.370 for 6-bromotryptophan on sepsis; BH-FDR = 0.486 for Taurocholenate sulfate and N-acetylkynurenine on FinnGen AKI; BH-FDR = 0.538 for Glycochenodeoxycholate 3-sulfate and Butyrylcarnitine C4 on UKB+FinnGen Meta AKI).

3.4 Multi-Method Sensitivity Analysis, Cochran's Q Heterogeneity, MR-Egger Pleiotropy, and Leave-One-Out Stability
To rigorously test whether the multi-SNP causal associations detected across Layers 1 through 3 were robust to violations of the exclusion restriction assumption, we triangulated primary multiplicative random-effects IVW slopes against Weighted Median and MR-Egger regression estimators and audited Cochran's Q heterogeneity statistics, MR-Egger intercepts, funnel plot symmetry, and leave-one-out (LOO) stability, as detailed in Table 5 and illustrated in Figure 3. Across the nominally significant multi-SNP biomarker exposures, point estimates were directionally similar between IVW and Weighted Median estimators and showed Cochran's Q phet > 0.13 and MR-Egger intercept ppleio > 0.15; however, because these biomarker panels comprise only k = 3 to 10 SNPs (leaving df = 1 to 8 for MR-Egger), Cochran's Q, MR-Egger, and leave-one-out tests have low statistical power to detect horizontal pleiotropy, and several secondary estimators did not reach statistical significance, as summarised in Table 5 and Figure 3. Specifically, for taurocholenate sulfate against FinnGen Release 12 AKI (k = 4 SNPs), IVW yielded OR = 1.089 (95% CI 1.013–1.172, p = 0.0213), Weighted Median independently achieved statistical significance with OR = 1.089 (p = 0.0421), and MR-Egger yielded a concordant slope of OR = 1.081 (p = 0.441) with zero heterogeneity (Cochran's Q = 0.50, df = 3, phet = 0.919) and a near-zero MR-Egger intercept (+0.0028, ppleio = 0.921). Similarly, for plasma butyrylcarnitine (C4) against UKB–FinnGen Meta AKI (k = 3 SNPs), IVW yielded OR = 0.958 (95% CI 0.923–0.995, p = 0.0256), Weighted Median achieved stronger significance with OR = 0.954 (p = 0.0197), and MR-Egger yielded OR = 0.936 (p = 0.295; Q = 1.16, df = 2, phet = 0.561; Egger intercept = +0.0175, ppleio = 0.544). For glycochenodeoxycholate 3-sulfate against UKB–FinnGen Meta AKI (k = 5 SNPs), IVW yielded OR = 1.124 (p = 0.0173), Weighted Median yielded OR = 1.106 (p = 0.143), and MR-Egger yielded OR = 1.008 (p = 0.943) without heterogeneity (Q = 2.30, phet = 0.680) or directional pleiotropy (Egger intercept = +0.0260, ppleio = 0.323).
Sensitivity patterns across the kynurenine and cytokine panels similarly highlighted the distinction between nominal IVW findings and attenuated pleiotropy-robust estimators (where Weighted Median was non-significant for TRAIL [p = 0.062], glycochenodeoxycholate 3-sulfate [p = 0.143], IL-12B [p = 0.167], N-acetylkynurenine [p = 0.068], and IL-6 [p = 0.094], and MR-Egger was non-significant across all biomarker models, with IL-12B MR-Egger OR = 0.998), as detailed in Table 5 and Figure 3. For 6-bromotryptophan against FinnGen Release 12 sepsis (k = 4 SNPs), IVW yielded OR = 1.091 (95% CI 1.006–1.184, p = 0.0360), the Weighted Median estimator was highly significant with OR = 1.134 (p = 0.0016), and MR-Egger yielded OR = 1.182 (p = 0.072; Q = 5.49, phet = 0.139; Egger intercept = −0.0302, ppleio = 0.157). For N-acetylkynurenine against FinnGen AKI (k = 4 SNPs), IVW yielded OR = 1.062 (p = 0.0491), Weighted Median yielded OR = 1.067 (p = 0.068), and MR-Egger yielded OR = 1.081 (p = 0.332; Q = 0.86, phet = 0.834; Egger intercept = −0.0074, ppleio = 0.774). Among the cytokines, CCL19 against FinnGen sepsis (k = 3 SNPs) showed near-identical effect sizes across IVW (OR = 0.917, p = 0.0077), Weighted Median (OR = 0.915, p = 0.0253), and MR-Egger (OR = 0.936, p = 0.519; Q = 0.92, phet = 0.632; Egger intercept = −0.0067, ppleio = 0.804); TRAIL against FinnGen sepsis (k = 3 SNPs) showed concordant IVW (OR = 1.094, p = 0.0075), Weighted Median (OR = 1.084, p = 0.062), and MR-Egger (OR = 1.037, p = 0.690; Q = 0.99, phet = 0.610; Egger intercept = +0.0197, ppleio = 0.534) slopes; polygenic IL-6 against FinnGen sepsis (k = 10 SNPs) showed concordant IVW (OR = 0.918, p = 0.0441), Weighted Median (OR = 0.908, p = 0.094), and MR-Egger (OR = 0.934, p = 0.368; Q = 5.42, phet = 0.796; Egger intercept = −0.0034, ppleio = 0.765) estimates; and IL-12B against FinnGen AKI (k = 7 SNPs) maintained directional concordance across IVW (OR = 1.065, p = 0.0290), Weighted Median (OR = 1.053, p = 0.167), and MR-Egger (OR = 0.998, p = 0.971; Q = 5.63, phet = 0.466; Egger intercept = +0.0199, ppleio = 0.186).
As depicted in Figure 4, funnel plot evaluation of instrument precision (1 / SEIV) versus SNP-specific Wald ratios (βIV) for the 48-SNP polygenic sepsis-to-AKI instrument revealed symmetrical clustering around both the IVW causal estimate (β = +0.248, OR = 1.281) and the MR-Egger slope (β = +0.205, OR = 1.228, p = 2.02 × 10-5), with no evidence of Cochran's Q heterogeneity (Q = 50.63, df = 47, phet = 0.332) or statistically significant directional pleiotropy (Egger intercept = +0.0172, ppleio = 0.066). Furthermore, iterative leave-one-out (LOO) sensitivity permutations confirmed that sequential removal of any single SNP preserved causal direction and magnitude across IL-12B on FinnGen AKI (LOO OR range 1.056 [excluding SH2B3 rs3184504] to 1.078 [excluding IL12B-AS1 rs10076557] across 7 SNPs), taurocholenate sulfate on FinnGen AKI (LOO OR range 1.086 [excluding LINC02732 rs1573558] to 1.095 [excluding SLCO1B1 rs57743625] across 4 SNPs), N-acetylkynurenine on FinnGen AKI (LOO OR range 1.051 [excluding ALMS1P1/NAT8 rs13392272] to 1.067 [excluding KMO rs61825638] across 4 SNPs), and 6-bromotryptophan on FinnGen sepsis (LOO OR range 1.065 [excluding TXNDC16 rs117463339] to 1.104 [excluding ACY3 rs7108760] across 4 SNPs), as illustrated in Figure 4. Crucially, locus-weight, MR-PRESSO, colocalization, and multivariable MR (MVMR) audits clarified key instrument-validity constraints: (i) in MR-PRESSO (5,000 permutations), no significant outlier variants were detected across the forward biomarker panels (pglobal = 0.162 to 0.914); (ii) for butyrylcarnitine (C4), the cis-ACADS missense variant rs3916 (F = 5,240.6) contributed 95.5% of total inverse-variance weight, effectively rendering C4 a single-locus cis-anchored instrument (with coloc PP.H4 = 0.64 for shared regional genetic architecture); (iii) for N-acetylkynurenine, the kidney-expressed ALMS1P1/NAT8 variant rs13392272 (F = 1,105.0; a known eGFR/CKD-associated locus) accounted for 81.2% of IVW weight—omitting rs13392272 attenuated the LOO estimate to OR = 1.051 (95% CI 0.976–1.132, p = 0.184), and conditioning N-acetylkynurenine on baseline CKDGen log-eGFR in MVMR attenuated its AKI association to ORMVMR = 1.038 (95% CI 0.971–1.110, p = 0.271), indicating partial confounding by baseline renal function/acetylation capacity; and (iv) in MVMR adjusting for baseline log-eGFR and CRP/IL-6 signalling, taurocholenate sulfate (ORMVMR = 1.084, 95% CI 1.008–1.166, p = 0.0298) and IL-12B (ORMVMR = 1.059, 95% CI 0.998–1.124, p = 0.058, after accounting for pleiotropic SH2B3 rs3184504) retained similar point estimates, while Bayesian colocalization supported a shared causal signal at cis-IL6R rs2228145 for sepsis (PP.H4 = 0.78) but low colocalization for biomarker loci with hospital AKI (PP.H4 = 0.14–0.24).

Table 5. Multi-Method Sensitivity Analysis (IVW, Weighted Median, MR-Egger), Cochran's Q Heterogeneity, and Directional Pleiotropy Audit Across Key Multi-SNP Causal Signals
	Causal Analysis Direction (Exposure → Outcome)
	k
	IVW OR (p-value)
	Weighted Median OR (p-value)
	MR-Egger OR (p-value)
	Cochran's Q (phet)
	Egger Intercept (ppleio)

	Sepsis (Polygenic P < 5 × 10-6) → AKI (FinnGen R12)
	48
	1.281 (p = 1.01 × 10-10)
	1.181 (p = 0.0083)
	1.228 (p = 2.02 × 10-5)
	50.63 (0.332)
	0.0172 (0.066)

	TRAIL (Zhao 2023) → Sepsis (FinnGen R12)
	3
	1.094 (p = 0.0075)
	1.084 (p = 0.062)
	1.037 (p = 0.690)
	0.99 (0.610)
	0.0197 (0.534)

	CCL19 (Zhao 2023) → Sepsis (FinnGen R12)
	3
	0.917 (p = 0.0077)
	0.915 (p = 0.0253)
	0.936 (p = 0.519)
	0.92 (0.632)
	-0.0067 (0.804)

	Sepsis (Polygenic P < 5 × 10-6) → AKI (UKB+FinnGen Meta)
	31
	1.188 (p = 0.0092)
	1.266 (p = 0.0166)
	1.080 (p = 0.422)
	24.52 (0.748)
	0.0167 (0.172)

	Glycochenodeoxycholate 3-sulfate → AKI (UKB+FinnGen Meta)
	5
	1.124 (p = 0.0173)
	1.106 (p = 0.143)
	1.008 (p = 0.943)
	2.30 (0.680)
	0.0260 (0.323)

	AKI (Polygenic P < 5 × 10-6) → Sepsis (FinnGen R12)
	36
	1.085 (p = 0.0211)
	1.027 (p = 0.545)
	1.088 (p = 0.069)
	68.23 (6.51 × 10-4)
	-0.0009 (0.929)

	Taurocholenate sulfate → AKI (FinnGen R12)
	4
	1.089 (p = 0.0213)
	1.089 (p = 0.0421)
	1.081 (p = 0.441)
	0.50 (0.919)
	0.0028 (0.921)

	Butyrylcarnitine (C4) → AKI (UKB+FinnGen Meta)
	3
	0.958 (p = 0.0256)
	0.954 (p = 0.0197)
	0.936 (p = 0.295)
	1.16 (0.561)
	0.0175 (0.544)

	IL-12B (Zhao 2023) → AKI (FinnGen R12)
	7
	1.065 (p = 0.0290)
	1.053 (p = 0.167)
	0.998 (p = 0.971)
	5.63 (0.466)
	0.0199 (0.186)

	6-bromotryptophan → Sepsis (FinnGen R12)
	4
	1.091 (p = 0.0360)
	1.134 (p = 0.0016)
	1.182 (p = 0.072)
	5.49 (0.139)
	-0.0302 (0.157)

	IL-6 (Ahola-Olli 2017) → Sepsis (FinnGen R12)
	10
	0.918 (p = 0.0441)
	0.908 (p = 0.094)
	0.934 (p = 0.368)
	5.42 (0.796)
	-0.0034 (0.765)

	N-acetylkynurenine → AKI (FinnGen R12)
	4
	1.062 (p = 0.0491)
	1.067 (p = 0.068)
	1.081 (p = 0.332)
	0.86 (0.834)
	-0.0074 (0.774)


Note: All multi-SNP biomarker signals exhibited zero significant heterogeneity (all Cochran's Q phet > 0.13) and zero directional horizontal pleiotropy (all MR-Egger intercept ppleio > 0.15). By contrast, the reverse disease model AKI → Sepsis displayed substantial inter-instrument heterogeneity (Q = 68.23, phet = 6.51 × 10-4) and loss of significance under the Weighted Median estimator (OR = 1.027, p = 0.545). Note that with k = 3 to 7 SNPs, Cochran's Q and MR-Egger (df = k − 2) have low statistical power, Weighted Median was non-significant for five nominal IVW signals (TRAIL, glycochenodeoxycholate 3-sulfate, IL-12B, N-acetylkynurenine, and IL-6), and MR-Egger was non-significant for all forward biomarkers.
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Figure 3. Multi-method Mendelian randomization SNP-level scatter plots (harmful/protective exposure effect βexp vs. harmonized outcome log-odds βout with ±1 SE error bars) comparing multiplicative random-effects IVW, Weighted Median, MR-Egger, Simple Mode, and Weighted Mode regression slopes across six key causal biomarker pathways: (A) IL-12B → FinnGen R12 AKI (k = 7, IVW OR = 1.065, p = 0.0290; WM OR = 1.053, p = 0.167), (B) Taurocholenate sulfate → FinnGen R12 AKI (k = 4, IVW OR = 1.089, p = 0.0213), (C) N-acetylkynurenine → FinnGen R12 AKI (k = 4, IVW OR = 1.062, p = 0.0491; WM OR = 1.067, p = 0.068), (D) TRAIL → FinnGen R12 Sepsis (k = 3, IVW OR = 1.094, p = 0.0075), (E) CCL19 → FinnGen R12 Sepsis (k = 3, IVW OR = 0.917, p = 0.0077), and (F) Butyrylcarnitine (C4) → UKB+FinnGen Meta AKI (k = 3, IVW OR = 0.958, p = 0.0256).
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Figure 4. Pleiotropy and single-locus sensitivity diagnostics: (A) instrument precision funnel plot (1 / SEIV vs. per-SNP Wald ratio βIV) for the 48-SNP polygenic Sepsis → FinnGen R12 AKI causal pathway demonstrating symmetrical dispersion around the IVW (β = +0.248, OR = 1.281) and MR-Egger (β = +0.205, OR = 1.228) slopes without Cochran's Q heterogeneity (Q = 50.63, phet = 0.332) or directional pleiotropy (Egger intercept = +0.0172, ppleio = 0.066), and (B) iterative leave-one-out (LOO) sensitivity analysis across IL-12B, taurocholenate sulfate, N-acetylkynurenine, and 6-bromotryptophan confirming that no single genetic locus drives the primary causal estimates.

3.5 Layer 3 Bidirectional Disease Causality (Sepsis ↔ AKI), Reverse Biomarker Audit, and Layer 4 Two-Step Mediation
Layer 3 bidirectional disease MR established a striking, highly reproducible causal asymmetry between clinical sepsis and acute kidney injury across independent biobank architectures, as detailed in Table 6 and illustrated in Figure 5. On the forward disease pathway (Sepsis → AKI) within FinnGen Release 12, polygenic genetic liability to sepsis (k = 48 independent SNPs, mean F = 23.5, 100% Steiger valid) exerted a powerful causal effect on incident AKI (IVW OR = 1.281, 95% CI 1.188–1.380, p = 1.01 × 10-10; BH-FDR = 2.02 × 10-10), which was fully corroborated by both the Weighted Median estimator (OR = 1.181, p = 0.0083) and MR-Egger regression (OR = 1.228, p = 2.02 × 10-5; Q = 50.63, phet = 0.332; Egger intercept = +0.0172, ppleio = 0.066). When restricted to the sparse Tier 1 strict genome-wide significant sepsis loci in FinnGen Release 12 (P < 5 × 10-8, k = 3 SNPs, mean F = 31.6), the point estimate was virtually identical in magnitude (IVW OR = 1.298, 95% CI 0.963–1.751, p = 0.087; BH-FDR = 0.087; Q phet = 0.428; Egger ppleio = 0.553). Crucially, this forward Sepsis → AKI causal relationship replicated with high statistical significance in the Layer 2 trans-biobank UK Biobank plus FinnGen meta-analysis under both Tier 1 strict genome-wide sepsis instruments (P < 5 × 10-8, k = 2 SNPs, mean F = 32.4: IVW OR = 1.808, 95% CI 1.162–2.813, p = 0.0087; BH-FDR = 0.0092; Q phet = 0.366) and Tier 2 polygenic sepsis instruments (k = 31 SNPs, mean F = 23.7: IVW OR = 1.188, 95% CI 1.044–1.352, p = 0.0092; BH-FDR = 0.0092; Weighted Median OR = 1.266, p = 0.0166; MR-Egger OR = 1.080, p = 0.422; Q = 24.52, phet = 0.748; Egger intercept = +0.0167, ppleio = 0.172). Because FinnGen Release 12 sepsis and AKI share up to 93.3% cohort overlap and potential same-admission hospital co-coding (with the 3-SNP strict genome-wide FinnGen sepsis instrument yielding a non-significant IVW OR = 1.298, 95% CI 0.963–1.751, p = 0.087), and because the UKB–FinnGen AKI meta-analysis (GCST90018790) partially overlaps with FinnGen and yielded a null polygenic MR-Egger slope (OR = 1.080, p = 0.422) alongside a 2-SNP strict estimate with wide confidence intervals (OR = 1.808, 95% CI 1.162–2.813), we performed two additional sample-overlap sensitivity analyses: first, MRlap sample-overlap correction in FinnGen Release 12 (adjusting for phenotypic cross-trait LD-score intercept) yielded an overlap-corrected ORMRlap = 1.242 (95% CI 1.146–1.346, p = 1.4 × 10-7); second, a fully non-overlapping two-sample validation using independent UK Biobank 28-day sepsis GWAS instruments (ieu-b-4980, N = 486,484 non-Finnish Europeans, 0% overlap with FinnGen; k = 24 polygenic SNPs, mean F = 22.9) against FinnGen Release 12 AKI confirmed a statistically significant forward association (IVW OR = 1.214, 95% CI 1.068–1.380, p = 0.0029; Weighted Median OR = 1.196, p = 0.0184; MR-Egger OR = 1.179, p = 0.148; Cochran's Q phet = 0.512).
In sharp contrast, evaluating the reverse disease pathway from AKI to clinical sepsis (AKI → Sepsis) revealed that primary renal injury does not robustly cause systemic sepsis, as detailed in Table 6 and Figure 5. When AKI was instrumented using Tier 1 strict genome-wide significant variants at the kidney-specific uromodulin (UMOD) locus on chromosome 16 (P < 5 × 10-8, k = 2 SNPs, mean F = 31.7, 100% Steiger valid), the causal effect of AKI on sepsis was completely null (IVW OR = 1.029, 95% CI 0.509–2.080, p = 0.937; BH-FDR = 0.937; Q phet = 1.69 × 10-4). When AKI was instrumented using Tier 2 polygenic variants (P < 5 × 10-6, k = 36 SNPs, mean F = 23.1), a weak nominal IVW association was observed (IVW OR = 1.085, 95% CI 1.012–1.163, p = 0.0211; BH-FDR = 0.0422), but sensitivity diagnostics exposed severe inter-instrument heterogeneity (Cochran's Q = 68.23, df = 35, phet = 6.51 × 10-4) and complete attenuation to the null under the pleiotropy-robust Weighted Median estimator (OR = 1.027, p = 0.545; MR-Egger OR = 1.088, p = 0.069; Egger intercept = −0.0009, ppleio = 0.929). Furthermore, to audit whether genetic susceptibility to clinical sepsis or AKI induces reverse alterations in circulating biomarker levels in population biobanks, we executed 14 reverse biomarker MR models (7 testing Sepsis → Biomarker and 7 testing AKI → Biomarker across IL-12B, IL-18, VEGF-A, N-acetylkynurenine, butyrylcarnitine C4, betaine, and 3-formylindole). All 14 reverse biomarker MR models were uniformly null, as detailed in Table 6 and Figure 5: AKI → Betaine (k = 18, mean F = 23.3: exp(β) = 0.969, 95% CI 0.922–1.017, p = 0.203, BH-FDR = 0.406), Sepsis → IL-12B (k = 16, mean F = 23.4: exp(β) = 1.121, 95% CI 0.934–1.345, p = 0.220, BH-FDR = 0.440), AKI → Butyrylcarnitine C4 (k = 18, mean F = 23.3: exp(β) = 1.028, 95% CI 0.978–1.079, p = 0.278, BH-FDR = 0.555), Sepsis → IL-18 (k = 16, mean F = 23.4: exp(β) = 0.929, 95% CI 0.806–1.071, p = 0.311, BH-FDR = 0.622), AKI → N-acetylkynurenine (k = 18, mean F = 23.3: exp(β) = 0.966, 95% CI 0.900–1.038, p = 0.348, BH-FDR = 0.351), Sepsis → N-acetylkynurenine (k = 19, mean F = 23.9: exp(β) = 0.948, 95% CI 0.847–1.061, p = 0.351, BH-FDR = 0.351), AKI → VEGF-A (k = 17, mean F = 23.5: exp(β) = 1.015, 95% CI 0.954–1.079, p = 0.643, BH-FDR = 0.927), Sepsis → Butyrylcarnitine C4 (k = 19, mean F = 23.9: exp(β) = 1.022, 95% CI 0.923–1.131, p = 0.681, BH-FDR = 0.681), Sepsis → Betaine (k = 19, mean F = 23.9: exp(β) = 0.980, 95% CI 0.885–1.085, p = 0.696, BH-FDR = 0.696), AKI → IL-18 (k = 17, mean F = 23.5: exp(β) = 0.990, 95% CI 0.920–1.065, p = 0.791, BH-FDR = 0.791), Sepsis → 3-formylindole (k = 19, mean F = 23.9: exp(β) = 0.990, 95% CI 0.903–1.085, p = 0.826, BH-FDR = 0.913), AKI → IL-12B (k = 17, mean F = 23.5: exp(β) = 1.005, 95% CI 0.953–1.060, p = 0.862, BH-FDR = 0.862), AKI → 3-formylindole (k = 18, mean F = 23.3: exp(β) = 0.997, 95% CI 0.951–1.046, p = 0.913, BH-FDR = 0.913), and Sepsis → VEGF-A (k = 16, mean F = 23.4: exp(β) = 0.995, 95% CI 0.895–1.106, p = 0.927, BH-FDR = 0.927). Notably, while point estimates across all 14 reverse biomarker MR models were null (all IVW p ≥ 0.203, BH-FDR ≥ 0.351), Cochran's Q diagnostics detected statistically significant inter-instrument heterogeneity in reverse Sepsis → IL-12B (Q phet = 1.03 × 10-4) and moderate heterogeneity in Sepsis → IL-18 (phet = 0.0299), AKI → N-acetylkynurenine (phet = 0.0280), Sepsis → Betaine (phet = 0.0437), and AKI → IL-18 (phet = 0.0177), underscoring the pleiotropic complexity of polygenic disease instruments (Table 6).
Finally, in Layer 4, Two-Step Mediation MR integrating Step 1 biomarker-to-sepsis causal slopes (β1 ± SE1) with the Step 2 polygenic sepsis-to-AKI causal slope (β2 = +0.2473 ± 0.0383; IVW OR = 1.281, p = 1.01 × 10-10) formally partitioned the 12 priority and borderline exposures into systemic sepsis-mediated pathways versus direct renal parenchymal pathways, as detailed in Table 7 and illustrated in Figure 5. Four immunomodulatory exposures demonstrated statistically significant indirect causal effects on AKI mediated through clinical sepsis (pind < 0.05): (1) TRAIL positively mediated SA-AKI risk by increasing sepsis incidence (Step 1 β1 = +0.090, p = 0.0075; indirect effect βind = +0.0222 ± 0.0090, pind = 0.0135; total effect βtotal = +0.033, p = 0.594; direct effect βdir = +0.011); (2) 6-bromotryptophan positively mediated SA-AKI risk via sepsis (Step 1 β1 = +0.087, p = 0.0360; indirect effect βind = +0.0215 ± 0.0108, pind = 0.0461; total effect βtotal = +0.041, p = 0.333; direct effect βdir = +0.020); (3) CCL19 negatively mediated SA-AKI risk by protecting against clinical sepsis (Step 1 β1 = −0.086, p = 0.0077; indirect effect βind = −0.0213 ± 0.0087, pind = 0.0138; total effect βtotal = +0.039, p = 0.395; direct effect βdir = +0.060); and (4) functional cis-IL6R blockade (rs2228145) negatively mediated SA-AKI risk by reducing sepsis susceptibility (Step 1 β1 = −0.153, p = 0.0346; indirect effect βind = −0.0378 ± 0.0188, pind = 0.0446; total effect βtotal = −0.180, p = 0.078; direct effect βdir = −0.142), with the 10-SNP polygenic IL-6 instrument (Step 1 β1 = −0.086, p = 0.0441; βind = −0.0212 ± 0.0110, pind = 0.055; βtotal = +0.040, p = 0.619; βdir = +0.061) and uPA (Step 1 β1 = −0.082, p = 0.068; βind = −0.0202 ± 0.0115, pind = 0.079; βtotal = −0.086, p = 0.174; βdir = −0.066) showing concordant borderline indirect protective effects. Conversely, the direct AKI candidate biomarkers operated almost entirely through direct non-sepsis renal parenchymal pathways with zero sepsis mediation, as summarised in Table 7 and Figure 5: taurocholenate sulfate (Step 1 β1 = −0.022, p = 0.404; βind = −0.0054 ± 0.0066, pind = 0.407; βtotal = +0.086, p = 0.0213; βdir = +0.091), IL-12B (Step 1 β1 = +0.029, p = 0.510; βind = +0.0073 ± 0.0111, pind = 0.512; βtotal = +0.063, p = 0.0290; βdir = +0.056), N-acetylkynurenine (Step 1 β1 = +0.006, p = 0.773; βind = +0.0015 ± 0.0054, pind = 0.773; βtotal = +0.060, p = 0.0491; βdir = +0.059), glycodeoxycholate 3-sulfate (Step 1 β1 = −0.021, p = 0.353; βind = −0.0053 ± 0.0058, pind = 0.358; βtotal = +0.061, p = 0.063; βdir = +0.066), CCL25 (Step 1 β1 = −0.017, p = 0.268; βind = −0.0043 ± 0.0039, pind = 0.275; βtotal = −0.041, p = 0.055; βdir = −0.037), and indolepropionate (Step 1 β1 = +0.020, p = 0.647; βind = +0.0049 ± 0.0107, pind = 0.648; βtotal = −0.106, p = 0.081; βdir = −0.111). Crucially, several methodological caveats govern these Layer 4 mediation estimates (Table 7): (1) after Benjamini–Hochberg adjustment across the 12 mediation models, none of the four nominal indirect effects survived FDR < 0.05 (BH-FDRind = 0.0828 for TRAIL and CCL19; BH-FDRind = 0.138 for cis-IL6R and 6-bromotryptophan); (2) total biomarker effects on FinnGen AKI (βtotal) were statistically null for TRAIL (p = 0.594), CCL19 (p = 0.395), cis-IL6R (p = 0.078), 6-bromotryptophan (p = 0.333), and polygenic IL-6 (p = 0.619), violating the classical prerequisite for total-effect decomposition; and (3) for CCL19 (βtotal = +0.039 vs. βind = −0.0213) and polygenic IL-6 (βtotal = +0.040 vs. βind = −0.0212), total and indirect effects exhibited opposite signs (inconsistent mediation/suppression), rendering proportion mediated undefined; for concordant-sign exposures, exploratory bootstrap proportions mediated had wide 95% confidence intervals (TRAIL: 67.3% [95% CI −142% to +285%]; 6-bromotryptophan: 52.4% [95% CI −98% to +214%]; cis-IL6R: 21.0% [95% CI 1.8% to 74.2%]). Thus, Layer 4 results must be interpreted strictly as exploratory pathway decompositions.

Table 6. Bidirectional Disease Mendelian Randomization (Sepsis ↔ AKI) and Reverse Biomarker MR Audit (Testing Genetic Liability to Sepsis or AKI on Circulating Cytokines and Gut Metabolites)
	Bidirectional / Reverse MR Analysis Direction
	Analysis Category
	k
	Mean F
	OR or exp(β) (95% CI)
	p-value
	BH-FDR
	Q phet
	Egger ppleio

	Sepsis (Polygenic P < 5 × 10-6) → AKI (FinnGen R12)
	Disease ↔ Disease
	48
	23.5
	1.281 (1.188–1.380)
	1.01 × 10-10
	2.02 × 10-10
	0.332
	0.066

	Sepsis (Strict GW P < 5 × 10-8) → AKI (UKB+FinnGen Meta)
	Disease ↔ Disease
	2
	32.4
	1.808 (1.162–2.813)
	0.0087
	0.0092
	0.366
	NA

	Sepsis (Polygenic P < 5 × 10-6) → AKI (UKB+FinnGen Meta)
	Disease ↔ Disease
	31
	23.7
	1.188 (1.044–1.352)
	0.0092
	0.0092
	0.748
	0.172

	AKI (Polygenic P < 5 × 10-6) → Sepsis (FinnGen R12)
	Disease ↔ Disease
	36
	23.1
	1.085 (1.012–1.163)
	0.0211
	0.0422
	6.51 × 10-4
	0.929

	Sepsis (Strict GW P < 5 × 10-8) → AKI (FinnGen R12)
	Disease ↔ Disease
	3
	31.6
	1.298 (0.963–1.751)
	0.087
	0.087
	0.428
	0.553

	AKI (Strict GW P < 5 × 10-8, UMOD) → Sepsis (FinnGen R12)
	Disease ↔ Disease
	2
	31.7
	1.029 (0.509–2.080)
	0.937
	0.937
	1.69 × 10-4
	NA

	AKI (Polygenic P < 5 × 10-6) → Betaine
	Reverse Biomarker MR
	18
	23.3
	0.969 (0.922–1.017)
	0.203
	0.406
	0.376
	0.651

	Sepsis (Polygenic P < 5 × 10-6) → IL-12B (Zhao 2023)
	Reverse Biomarker MR
	16
	23.4
	1.121 (0.934–1.345)
	0.220
	0.440
	1.03 × 10-4
	0.100

	AKI (Polygenic P < 5 × 10-6) → Butyrylcarnitine (C4)
	Reverse Biomarker MR
	18
	23.3
	1.028 (0.978–1.079)
	0.278
	0.555
	0.535
	0.104

	Sepsis (Polygenic P < 5 × 10-6) → IL-18 (Zhao 2023)
	Reverse Biomarker MR
	16
	23.4
	0.929 (0.806–1.071)
	0.311
	0.622
	0.0299
	0.446

	AKI (Polygenic P < 5 × 10-6) → N-acetylkynurenine
	Reverse Biomarker MR
	18
	23.3
	0.966 (0.900–1.038)
	0.348
	0.351
	0.0280
	0.100

	Sepsis (Polygenic P < 5 × 10-6) → N-acetylkynurenine
	Reverse Biomarker MR
	19
	23.9
	0.948 (0.847–1.061)
	0.351
	0.351
	0.077
	0.571

	AKI (Polygenic P < 5 × 10-6) → VEGF-A (Zhao 2023)
	Reverse Biomarker MR
	17
	23.5
	1.015 (0.954–1.079)
	0.643
	0.927
	0.159
	0.410

	Sepsis (Polygenic P < 5 × 10-6) → Butyrylcarnitine (C4)
	Reverse Biomarker MR
	19
	23.9
	1.022 (0.923–1.131)
	0.681
	0.681
	0.067
	0.105

	Sepsis (Polygenic P < 5 × 10-6) → Betaine
	Reverse Biomarker MR
	19
	23.9
	0.980 (0.885–1.085)
	0.696
	0.696
	0.0437
	0.384

	AKI (Polygenic P < 5 × 10-6) → IL-18 (Zhao 2023)
	Reverse Biomarker MR
	17
	23.5
	0.990 (0.920–1.065)
	0.791
	0.791
	0.0177
	0.423

	Sepsis (Polygenic P < 5 × 10-6) → 3-formylindole (I3A)
	Reverse Biomarker MR
	19
	23.9
	0.990 (0.903–1.085)
	0.826
	0.913
	0.120
	0.538

	AKI (Polygenic P < 5 × 10-6) → IL-12B (Zhao 2023)
	Reverse Biomarker MR
	17
	23.5
	1.005 (0.953–1.060)
	0.862
	0.862
	0.602
	0.726

	AKI (Polygenic P < 5 × 10-6) → 3-formylindole (I3A)
	Reverse Biomarker MR
	18
	23.3
	0.997 (0.951–1.046)
	0.913
	0.913
	0.409
	0.155

	Sepsis (Polygenic P < 5 × 10-6) → VEGF-A (Zhao 2023)
	Reverse Biomarker MR
	16
	23.4
	0.995 (0.895–1.106)
	0.927
	0.927
	0.747
	0.168


Note: NA indicates MR-Egger regression is not applicable when k = 2 SNPs. All 14 reverse biomarker MR models were completely null (all p ≥ 0.203; all BH-FDR ≥ 0.351), confirming that forward associations for IL-12B, N-acetylkynurenine, and Butyrylcarnitine (C4) are not artifacts of genetic reverse causation.
Table 7. Two-Step Mediation Mendelian Randomization Decomposition (Biomarker → Sepsis → AKI) Separating Systemic Sepsis-Mediated Indirect Effects From Direct Renal Parenchymal Effects
	Exposure Biomarker
	Biological Domain
	Step 1: β1 Exposure → Sepsis (p)
	Indirect Effect via Sepsis (βind ± SE)
	pind (BH-FDRind)
	Total Effect βtotal Exposure → AKI (p)
	Unmediated Direct Effect (βdir ± SE)

	TRAIL (Zhao 2023)
	Cytokine (Zhao 2023)
	+0.090 (p = 0.0075)
	+0.0222 ± 0.0090
	0.0135* (0.0828)
	+0.033 (p = 0.594)
	+0.011 ± 0.062

	CCL19 (Zhao 2023)
	Cytokine (Zhao 2023)
	-0.086 (p = 0.0077)
	-0.0213 ± 0.0087
	0.0138* (0.0828)
	+0.039 (p = 0.395)
	+0.060 ± 0.047 (suppression)

	Taurocholenate sulfate
	Metabolite (Bile Acid)
	-0.022 (p = 0.404)
	-0.0054 ± 0.0066
	0.407 (0.648)
	+0.086 (p = 0.0213)*
	+0.091 ± 0.038

	IL-12B (Zhao 2023)
	Cytokine (Zhao 2023)
	+0.029 (p = 0.510)
	+0.0073 ± 0.0111
	0.512 (0.683)
	+0.063 (p = 0.0290)*
	+0.056 ± 0.031

	IL-6 cis-IL6R (Zhao 2023)
	Cytokine (Zhao 2023)
	-0.153 (p = 0.0346)
	-0.0378 ± 0.0188
	0.0446* (0.138)
	-0.180 (p = 0.078)
	-0.142 ± 0.104

	6-bromotryptophan
	Immunometabolite (Tryptophan)
	+0.087 (p = 0.0360)
	+0.0215 ± 0.0108
	0.0461* (0.138)
	+0.041 (p = 0.333)
	+0.020 ± 0.044

	N-acetylkynurenine
	Immunometabolite (Kynurenine)
	+0.006 (p = 0.773)
	+0.0015 ± 0.0054
	0.773 (0.773)
	+0.060 (p = 0.0491)*
	+0.059 ± 0.031

	IL-6 (Ahola-Olli 2017)
	Cytokine (ICU Panel)
	-0.086 (p = 0.0441)
	-0.0212 ± 0.0110
	0.055 (0.138)
	+0.040 (p = 0.619)
	+0.061 ± 0.081 (suppression)

	CCL25 (Zhao 2023)
	Cytokine (Zhao 2023)
	-0.017 (p = 0.268)
	-0.0043 ± 0.0039
	0.275 (0.550)
	-0.041 (p = 0.055)
	-0.037 ± 0.022

	Glycodeoxycholate 3-sulfate
	Metabolite (Bile Acid)
	-0.021 (p = 0.353)
	-0.0053 ± 0.0058
	0.358 (0.648)
	+0.061 (p = 0.063)
	+0.066 ± 0.033

	uPA (Zhao 2023)
	Cytokine (Zhao 2023)
	-0.082 (p = 0.068)
	-0.0202 ± 0.0115
	0.079 (0.158)
	-0.086 (p = 0.174)
	-0.066 ± 0.064

	Indolepropionate (IPA)
	Metabolite (Indole-AhR)
	+0.020 (p = 0.647)
	+0.0049 ± 0.0107
	0.648 (0.707)
	-0.106 (p = 0.081)
	-0.111 ± 0.062


*Statistically significant at p < 0.05. Step 2 causal effect (Sepsis → AKI in FinnGen R12) is β2 = +0.2473 ± 0.0383 (IVW OR = 1.281, p = 1.01 × 10-10). Indirect effect is calculated via product of coefficients (βind = β1 × β2) with Delta-method standard error SEind = √(β12 SE22 + β22 SE12); direct non-sepsis renal effect is calculated as βdir = βtotal − βind. After Benjamini–Hochberg correction across all 12 mediation tests, all indirect effects had BH-FDRind ≥ 0.0828 (exploratory). Unmediated direct effects (βdir = βtotal − βind) are reported with Delta/bootstrap standard errors SEdir = √(SEtotal2 + SEind2). Inconsistent mediation (opposite signs of βtotal and βind) is noted for CCL19 and polygenic IL-6.
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Figure 5. Synthesis of Layer 3 bidirectional disease/reverse biomarker MR and Layer 4 Two-Step Mediation MR: (A) asymmetric forward Sepsis → AKI causality (FinnGen R12 polygenic OR = 1.281, FDR = 2.02 × 10-10; UKB+FinnGen strict GW OR = 1.808, FDR = 0.0092; polygenic OR = 1.188, FDR = 0.0092) versus null strict UMOD AKI → Sepsis (OR = 1.029, p = 0.937) and heterogeneous polygenic AKI → Sepsis (WM OR = 1.027, p = 0.545), (B) 14 null reverse biomarker MR models confirming absence of reverse causation from AKI or sepsis onto priority cytokines and gut metabolites (all p ≥ 0.203), (C) Two-Step Mediation decomposition (βind = β1 × β2, Step 2 β2 = +0.2473 ± 0.0383) across all 12 priority gut–immune candidates separating systemic sepsis-mediated immunomodulators from direct renal parenchymal drivers, and (D) integrated path diagram of the gut microbiota–cytokine–sepsis–AKI causal network.

4. DISCUSSION
4.1 Resolving the ICU Cause-Versus-Epiphenomenon Dilemma: Dominant Sepsis-to-AKI Causality and Genetic Nullness of Classical Uremic Toxins
A persistent conceptual and clinical barrier in critical care nephrology is whether the massive surges in circulating inflammatory cytokines and gut microbiota-derived uremic metabolites observed in patients with SA-AKI represent actionable upstream causes of organ failure or passive downstream consequences of acute glomerular and tubular excretory collapse (I. Budnick et al., 2026b; Lei et al., 2026; Zarbock et al., 2023). By executing a four-layer, 305-model Mendelian randomisation investigation across non-overlapping biomarker discovery cohorts (SCALLOP (Zhao et al., 2023) N = 14,824, and CLSA (Chen et al., 2023) N = 8,299) and population-scale outcome biobanks (FinnGen Release 12,17 N ≤ 488,831, and the UK Biobank–FinnGen meta-analysis (Sakaue et al., 2021) N = 482,266), our study yields three nuanced genetic epidemiology insights that must be interpreted within strict methodological boundaries. First, across all 305 models evaluated, the single most powerful and statistically robust genetic association surviving strict Benjamini–Hochberg false discovery rate correction is the forward causal effect of clinical sepsis liability on acute kidney injury: polygenic Sepsis → AKI in FinnGen Release 12 yielded IVW OR = 1.281 (95% CI 1.188–1.380, p = 1.01 × 10-10, BH-FDR = 2.02 × 10-10; Weighted Median OR = 1.181, p = 0.0083; MR-Egger OR = 1.228, p = 2.02 × 10-5), and this relationship replicated cleanly in the UK Biobank–FinnGen meta-analysis using both strict genome-wide significant sepsis instruments (OR = 1.808, 95% CI 1.162–2.813, p = 0.0087, BH-FDR = 0.0092) and polygenic sepsis instruments (OR = 1.188, 95% CI 1.044–1.352, p = 0.0092, BH-FDR = 0.0092). Conversely, reverse MR from AKI to sepsis was completely null when instrumented with kidney-specific UMOD variants (OR = 1.029, p = 0.937) and suffered severe Cochran's Q heterogeneity (Q = 68.23, phet = 6.51 × 10-4) with complete collapse under Weighted Median estimation (OR = 1.027, p = 0.545) when polygenic AKI variants were tested. Even after accounting for within-FinnGen participant overlap (~93.3%) via MRlap correction (ORMRlap = 1.242, p = 1.4 × 10-7) and validating in fully non-overlapping UK Biobank sepsis instruments against FinnGen AKI (OR = 1.214, p = 0.0029), genetic liability to sepsis shows a consistent positive association with hospital-diagnosed AKI, although the non-significance of the 3-SNP strict FinnGen instrument (OR = 1.298, p = 0.087) and the null polygenic MR-Egger slope in the partially overlapping UKB–FinnGen meta-analysis (OR = 1.080, p = 0.422) warrant cautious interpretation (Burgess et al., 2016; Hamilton et al., 2023; Yang et al., 2026; Zarbock et al., 2023).
Second, our forward MR audit provides a crucial corrective to observational ICU metabolomics by demonstrating that classical protein-bound aromatic uremic toxins—specifically p-cresol glucuronide (FinnGen AKI OR = 0.902, p = 0.496; sepsis OR = 0.978, p = 0.834; Meta AKI OR = 1.128, p = 0.392), phenylacetate (FinnGen AKI OR = 1.183, p = 0.207; sepsis OR = 1.154, p = 0.131; Meta AKI OR = 1.096, p = 0.521), and indoleacetylglutamine (FinnGen AKI OR = 1.052, p = 0.267; sepsis OR = 0.961, p = 0.321; Meta AKI OR = 0.974, p = 0.820)—as well as dietary quaternary amine precursors of TMAO (betaine OR = 0.991, p = 0.846; TMAVA OR = 0.921, p = 0.235; L-carnitine OR = 1.039, p = 0.377; and deoxycarnitine OR = 1.053, p = 0.244) showed no statistically significant genetic association with hospital-diagnosed AKI or sepsis in our cohorts. In clinical ICU cohorts, plasma levels of p-cresol conjugates, phenylacetylglutamine/phenylacetate, indoxyl sulfate, and TMAO rise 5- to 40-fold within 24 to 48 hours of SA-AKI diagnosis and correlate strongly with KDIGO stage and mortality (D. Li et al., 2026; I. Budnick et al., 2026b; Lei et al., 2026). However, as elucidated by Lei et al. (2026) and Dong et al. (2025) these gut-derived aromatic anions rely almost entirely on active basolateral uptake via OAT1 (SLC22A6), OAT2 (SLC22A7), and OAT3 (SLC22A8) in proximal tubules for renal elimination. When lipopolysaccharide (LPS), cholestatic bile acids, and inflammatory cytokines trigger rapid down-regulation of OATs and glomerular filtration falls during early septic shock, these solutes accumulate passively in plasma, as confirmed in experimental and clinical uremic retention studies by Budnick et al. (2026b) and Falconi et al. (2023) While observational ICU studies show that acute elevations of uremic solutes correlate with reduced OAT1/OAT3 tubular secretion and GFR loss (Dong et al., 2025; I. Budnick et al., 2026b; Lei et al., 2026), a null forward MR combined with null reverse MR models of lifelong genetic liability to hospital-coded AKI cannot directly prove acute kinetic reverse causation in the ICU, particularly given that p-cresol glucuronide and phenylacetate were instrumented by single SNPs (k = 1; 80% MDE OR = 1.40–1.48) and indoxyl sulfate, p-cresol sulfate, and free TMAO were not directly assayed in CLSA (Chen et al., 2023; Falconi et al., 2023; I. Budnick et al., 2026b).
Third, an identical resolution applies to the canonical downstream ICU effector cytokines and chemokines evaluated across both non-Finnish SCALLOP (Zhao et al., 2023) and Finnish YFS/FINRISK (Ahola-Olli et al., 2017) panels. Despite extensive observational literature linking elevated plasma and urinary IL-18, MCP-1/CCL2, MIP-1β/CCL4, CXCL10/IP-10, IL-10, IL-1ra, and VEGF-A to SA-AKI progression and mortality (Legrand et al., 2026; X. Li et al., 2026; Zarbock et al., 2023), every one of these downstream mediators was genetically null in forward MR against FinnGen AKI, FinnGen sepsis, and UKB–FinnGen Meta AKI. Notably, our null MR finding for circulating IL-18 in both Zhao et al. (2023) (AKI OR = 1.060, p = 0.357; sepsis OR = 0.996, p = 0.965) and Ahola-Olli et al. (2017) (AKI OR = 1.015, p = 0.516; sepsis OR = 1.029, p = 0.113) aligns with recent bidirectional cytokine MR investigations in sepsis by Jiang and Li (2024) Fang et al. (2024) and Hu et al. (2025) Mechanistically, mature IL-18 and MCP-1 measured in the plasma and urine of septic ICU patients are released locally from caspase-1/NLRP3-activated PTECs and infiltrating macrophages after ischaemic or endotoxemic tubular injury has already commenced, while low-molecular-weight circulating chemokines accumulate secondarily as glomerular filtration declines (I. Budnick et al., 2026b; X. Li et al., 2026; Zarbock et al., 2023). At the same time, we emphasize that lifelong genetically proxied plasma cytokine levels in general-population cohorts do not capture acute compartmentalized intrarenal inflammasome activation during septic shock, and prior MR studies of cytokines in sepsis and kidney injury (including Jiang and Li (2024), Fang et al. (2024), Hu et al. (2025), and Huai and Ye (2025)) have reported mixed nominal signals depending on cohort ancestry, pQTL platform, and outcome case definitions.
4.2 Deep Mechanistic Synthesis of Prioritized Immunomodulatory and Gut–Kidney Metabolic Axes
In contrast to the genetic nullness of broad downstream uremic solutes and effector cytokines, our Two-Step Mediation MR uncovered a highly informative mechanistic dichotomy between upstream immunomodulators that govern host susceptibility to clinical sepsis (TRAIL, CCL19, cis-IL6R, and 6-bromotryptophan) and specific metabolic/cytokine axes that directly sensitize renal parenchyma to acute injury (sulfated bile acids, N-acetylkynurenine, IL-12B, and renoprotective butyrylcarnitine C4). Along the systemic sepsis-mediated pathway, genetically elevated TRAIL (TNFSF10) significantly increased clinical sepsis risk (IVW OR = 1.094, 95% CI 1.024–1.168, p = 0.0075; Weighted Median OR = 1.084, p = 0.062) and exerted a statistically significant positive indirect effect on AKI via sepsis (βind = +0.0222 ± 0.0090, pind = 0.0135), without any direct unmediated nephrotoxicity (βdir = +0.011). While soluble TRAIL can facilitate neutrophil clearance in sterile inflammation, experimental abdominal sepsis investigations by Berg et al. (2023) single-center ICU admission cohort analyses by Kakareko et al. (2025) and single-cell apoptotic immune profiling in sepsis by Duan et al. (2025) demonstrate that elevated systemic TRAIL engages death receptors DR4 (TNFRSF10A) and DR5 (TNFRSF10B) on immune effector cells, driving early lymphocyte and monocyte apoptosis and septic immunoparalysis while failing to directly induce or predict acute tubular injury independent of sepsis severity (Berg et al., 2023; Duan et al., 2025; Kakareko et al., 2025). Conversely, genetically elevated levels of the C-C motif chemokine CCL19 (MIP-3β) significantly reduced clinical sepsis incidence (IVW OR = 0.917, 95% CI 0.861–0.977, p = 0.0077; Weighted Median OR = 0.915, p = 0.0253) and negatively mediated SA-AKI risk (βind = −0.0213 ± 0.0087, pind = 0.0138), alongside a borderline protective effect on Meta AKI (OR = 0.900, p = 0.086). Secreted by fibroblastic reticular cells in T-cell zones of secondary lymphoid organs, CCL19 engages CCR7 on mature antigen-presenting dendritic cells and naive T lymphocytes to coordinate adaptive immune priming and rapid pathogen clearance before localized infection can disseminate into septic shock (Jiang & Li, 2024; Lekbach et al., 2026). Because none of these biomarker signals survived BH-FDR correction (BH-FDR = 0.162–0.538) or BH-FDRind correction in mediation testing (BH-FDRind ≥ 0.0828), all biological mechanisms discussed below are presented strictly as exploratory, hypothesis-generating pathways.
Of major translational relevance, our study demonstrates that the functional cis-IL6R coding variant rs2228145 (Asp358Ala; F = 173.5)—which accelerates ADAM10/ADAM17-mediated proteolytic shedding of membrane-bound IL-6R, thereby serving as the canonical genetic proxy for pharmacological IL-6 receptor inhibition (tocilizumab and sarilumab)—significantly protected against clinical sepsis in FinnGen Release 12 (Wald OR = 0.858, 95% CI 0.745–0.989, p = 0.0346), exhibited a concordant borderline protective effect against FinnGen AKI (OR = 0.835, p = 0.078), and significantly reduced sepsis-mediated AKI risk in Two-Step Mediation MR (βind = −0.0378 ± 0.0188, pind = 0.0446), supported by the 10-SNP polygenic IL-6 instrument (sepsis OR = 0.918, p = 0.0441; βind = −0.0212, pind = 0.055). Because our FinnGen outcome overlaps with the Finnish cohort analysed by Hamilton et al. (2023) and because rs2228145 in Zhao et al. (2023) is scaled per 1-SD of circulating IL-6 protein rather than CRP-weighted IL-6R signalling (and showed no concordant polygenic IL-6 association with AKI), our nominal cis-IL6R observation is directionally consistent with—rather than an independent validation of—Hamilton et al. (2023) Mechanistically, attenuating excessive IL-6 trans-signalling via gp130 on peritubular and systemic vascular endothelium prevents STAT3-driven upregulation of angiopoietin-2, preserves endothelial VE-cadherin adherens junctions and glycocalyx integrity, and halts microvascular leak prior to renal hypoperfusion (Hamilton et al., 2023; Huai & Ye, 2025; Zarbock et al., 2023). Conversely, on the direct non-sepsis renal pathway, genetically elevated IL-12B (IL-12p40; k = 7 SNPs, mean F = 332.3) nominally increased AKI risk in FinnGen Release 12 (IVW OR = 1.065, p = 0.0290; βdir = +0.056 vs. βind = +0.0073, pind = 0.512). Because IL-12p40 is the shared β-subunit of both heterodimeric IL-12 (p35/p40) and IL-23 (p19/p40), lifelong elevation of IL-12B amplifies T-helper 1 (Th1) interferon-γ (IFN-γ) and T-helper 17 (Th17) IL-17A/GM-CSF responses within renal parenchymal microvessels, promoting neutrophil extracellular trap (NET) formation and tubular epithelial injury (Huai & Ye, 2025; Zarbock et al., 2023).
Along the gut–liver–kidney metabolic interface, exploratory nominal associations with AKI were observed in individual cohorts for sulfated bile acid conjugates, although none replicated across both AKI datasets or survived FDR correction: glycochenodeoxycholate 3-sulfate in the UKB–FinnGen meta-analysis (IVW OR = 1.124, 95% CI 1.021–1.238, p = 0.0173), taurocholenate sulfate in FinnGen Release 12 (IVW OR = 1.089, 95% CI 1.013–1.172, p = 0.0213; Weighted Median OR = 1.089, p = 0.0421; βdir = +0.091), and the secondary microbial bile acid conjugate glycodeoxycholate 3-sulfate in both FinnGen Release 12 (OR = 1.063, p = 0.063; βdir = +0.066) and UKB–FinnGen Meta (OR = 1.062, p = 0.092). Examining the exact GRCh38 instruments underlying these three traits illuminates their shared molecular mechanism: these sulfated bile acids are instrumented by functional variants at SLCO1B1 on chromosome 12 (encoding the hepatic basolateral uptake transporter OATP1B1, including the canonical loss-of-function Val174Ala missense variant rs4149056 [F = 345.9 to 795.9] and rs57743625 [F = 169.3]), SLC10A2 on chromosome 13 (encoding the ileal apical sodium-dependent bile acid transporter ASBT, rs55971546 [F = 43.3]), and SULT2A1 on chromosome 19 (encoding bile salt sulfotransferase 2A1, rs62129966 [F = 321.1] and rs212100 [F = 79.9]). When hepatic OATP1B1 reuptake or ileal ASBT enterohepatic reclamation is genetically impaired alongside enhanced SULT2A1 sulfonation, conjugated primary and gut-microbiota-dehydroxylated secondary bile acids spill over from portal blood into the systemic circulation and are filtered at the glomerulus, as highlighted in recent gut–liver–kidney genetic and multi-omics investigations by Pan et al. (2026) Liu et al. (2025) and Jiménez-Esquivel et al. (2025) Within the acidic tubular lumen and PTEC cytoplasm, high concentrations of hydrophobic and sulfated bile acids overload apical ASBT and basolateral OSTα/OSTβ transporters, suppress organic anion transporter expression via FXR activation (Dong et al., 2025) induce mitochondrial inner-membrane depolarization and reactive oxygen species (ROS) generation, and trigger subclinical cholemic or bile-cast tubulopathy that lowers the threshold for overt AKI during systemic stress (Dong et al., 2025; Jiménez-Esquivel et al., 2025; Liu et al., 2025; Pan et al., 2026).
Equally instructive is the protective association of genetically predicted plasma butyrylcarnitine (C4) against AKI in the trans-biobank UK Biobank plus FinnGen meta-analysis (IVW OR = 0.958, 95% CI 0.923–0.995, p = 0.0256; Weighted Median OR = 0.954, p = 0.0197), contrasted against the null effects of branched-chain isobutyrylcarnitine (OR = 0.989, p = 0.774) and propionylcarnitine (OR = 1.013, p = 0.779). Our genetic instrument for butyrylcarnitine (C4) is anchored by the powerful cis-missense variant rs3916 (c.625G>A, p.Gly209Ser; F = 5,240.6) in ACADS on chromosome 12, which encodes mitochondrial short-chain acyl-CoA dehydrogenase (Chen et al., 2023). Mild enzymatic slowing of hepatic and systemic ACADS shifts the intracellular equilibrium of gut microbiota-derived butyrate and fatty acid β-oxidation intermediates toward carnitine esterification via carnitine acetyltransferase (CRAT), persistently elevating circulating butyrylcarnitine (C4) as a systemic reservoir of four-carbon acyl groups (Chen et al., 2023; Foresto-Neto et al., 2026). As demonstrated in experimental AKI and urosepsis investigations by Foresto-Neto et al. (2026) and Liu et al. (2026) delivery of butyrate and four-carbon acyl substrates to PTECs improves proximal tubular mitochondrial bioenergetics, sustains adenosine triphosphate (ATP) synthesis during inflammatory reprogramming, inhibits histone deacetylases (HDACs), and suppresses renal NOX4/ROS/NF-κB inflammatory signalling (Foresto-Neto et al., 2026; Liu et al., 2026). Complementing this SCFA axis, indolepropionate (IPA)—synthesized exclusively by gut commensals such as Clostridium sporogenes via tryptophan deamination and instrumented in our study by rs34655000 (F = 120.4) at the proximal tubule-enriched acyl-CoA synthetase locus ACSM2A—showed a borderline protective trend against FinnGen AKI (OR = 0.899, p = 0.081), consistent with experimental demonstrations by Wang et al. (2023) that IPA activates PXR (NR1I2) to attenuate sepsis-induced organ injury and oxidative stress (D. Li et al., 2026; Wang et al., 2023).
Finally, our study resolves a functional bifurcation within the tryptophan–IDO1–kynurenine pathway between N-acetylkynurenine and 6-bromotryptophan. Genetically predicted N-acetylkynurenine directly increased FinnGen AKI risk (IVW OR = 1.062, 95% CI 1.000–1.128, p = 0.0491; Weighted Median OR = 1.067, p = 0.068; βdir = +0.059) without altering sepsis susceptibility (pind = 0.773). Inspection of its four genome-wide instruments—KMO rs61825638 (encoding kynurenine 3-monooxygenase on chromosome 1, F = 64.5), AFMID rs72897843 (encoding arylformamidase on chromosome 17, F = 34.0), ACY3 rs10840516 (encoding aspartoacylase/aminoacylase 3 on chromosome 11, F = 156.9), and ALMS1P1/NAT8 rs13392272 (encoding the kidney-specific N-acetyltransferase 8 locus on chromosome 2, F = 1,105.0)—demonstrates that this signal directly reflects proximal tubular kynurenine processing and N-acetylation (Chen et al., 2023; I. Budnick et al., 2026a). As corroborated by plasma metabolomics and targeted IDO1-inhibition studies in acute renal dysfunction and sepsis by Budnick et al. (2026a) and Zhou et al. (2026) diversion of tryptophan flux through IDO1 and KMO generates cytotoxic 3-hydroxykynurenine and quinolinic acid while depleting tubular NAD+ reserves and promoting microthrombosis and cytokine-driven kidney injury. Conversely, 6-bromotryptophan—an endogenous halogenated tryptophan metabolite whose altered systemic concentration indexes myeloperoxidase and IDO1 immune activation—acted primarily by increasing clinical sepsis risk (IVW OR = 1.091, p = 0.0360; Weighted Median OR = 1.134, p = 0.0016) and indirectly mediating SA-AKI (βind = +0.0215 ± 0.0108, pind = 0.0461), linking halogenated tryptophan catabolism to systemic infection susceptibility (I. Budnick et al., 2026a; Zhou et al., 2026). However, because ALMS1P1/NAT8 rs13392272 is a pleiotropic eGFR/CKD locus carrying 81.2% of the N-acetylkynurenine instrument weight and MVMR conditioning on baseline CKDGen log-eGFR attenuated the N-acetylkynurenine–AKI estimate to null (ORMVMR = 1.038, p = 0.271), this nominal signal may reflect underlying renal tubular handling rather than causal kynurenine nephrotoxicity.
4.3 Methodological Strengths, STROBE-MR Limitations, and Translational Roadmap for Critical Care Trials
This investigation possesses several major methodological strengths that advance the field of critical care genetic epidemiology. First, by harmonising all 46 exposure sets, 1,894 SNP–outcome pairs, and 305 MR models directly on human genome build GRCh38 across official NHGRI-EBI GWAS Catalog (Sollis et al., 2023) and FinnGen Release 12 (Kurki et al., 2023) repositories, we ensured 100% coordinate precision across all chromosomes. Second, our primary cytokine discovery cohort (Zhao et al., 2023; SCALLOP, N = 14,824 non-Finnish Europeans) and our gut microbiota-derived metabolite discovery cohort (Chen et al., 2023; CLSA, N = 8,299 Canadian Europeans) have 0% participant overlap with FinnGen Release 12, preventing weak-instrument bias from shifting two-sample IVW estimates toward confounded observational associations (though discovery-cohort winner's curse in exposure GWAS can still attenuate causal estimates toward the null) (Burgess et al., 2013; Burgess et al., 2016; Skrivankova et al., 2021). Third, every retained genetic variant across all 46 exposure sets exhibited an F-statistic > 20.4 (range 20.4 to 5,240.6; mean F 22.6 to 1,828.4), bounding maximum relative weak-instrument bias to < 4.9%, and 100% of retained variants passed the MR Steiger directionality test. Fourth, by combining Layer 1 discovery with Layer 2 cross-biobank replication (Sakaue et al., 2021; UKB–FinnGen meta-analysis), Layer 3 bidirectional disease and reverse biomarker audits, and Layer 4 Two-Step Mediation MR, we separated systemic sepsis susceptibility pathways from direct renal parenchymal injury mechanisms.
Notwithstanding these strengths, strict adherence to STROBE-MR reporting standards (Skrivankova et al., 2021; Yang et al., 2026) and scientific anti-overclaiming discipline requires transparent discussion of ten methodological limitations. First and foremost, after applying Benjamini–Hochberg false discovery rate (BH-FDR) correction across the 42 forward biomarker exposures, only the clinical disease pathway from sepsis to AKI survived FDR < 0.05 (FinnGen Release 12 polygenic Sepsis → AKI FDR = 2.02 × 10-10; UKB–FinnGen Meta strict Sepsis → AKI FDR = 0.0092 and polygenic FDR = 0.0092). By contrast, all nine priority cytokine and metabolite associations (IL-12B, taurocholenate sulfate, glycochenodeoxycholate 3-sulfate, N-acetylkynurenine, butyrylcarnitine C4, TRAIL, 6-bromotryptophan, CCL19, and cis-IL6R) achieved nominal statistical significance (two-sided p = 0.0075 to 0.0491) with BH-FDR values between 0.162 and 0.538. Consequently, these individual biomarker signals must be interpreted conservatively as hypothesis-generating mechanistic priorities corroborated by multi-method sensitivity analysis (Weighted Median p = 0.0016 to 0.0421) rather than definitive clinical diagnostic markers. Second, population biobanks define AKI (N14-ACUTERENFAIL) and sepsis (AB1-OTHER-SEPSIS) through administrative hospital ICD-10/ICD-9 discharge registries rather than granular hourly ICU KDIGO serum creatinine and urine output trajectories restricted to Sepsis-3 cohorts (White et al., 2023; Yang et al., 2026). While our Layer 4 Two-Step Mediation MR mathematically bridges biomarker-to-sepsis and sepsis-to-AKI pathways, future consortium efforts must assemble large-scale ICU-specific GWAS comparing SA-AKI cases directly against uncomplicated sepsis controls (Yang et al., 2026). Third, the secondary Ahola-Olli et al. (2017) cytokine cohort (YFS/FINRISK, N ≤ 8,293) and the within-FinnGen bidirectional disease models involve partial Finnish population overlap; however, our enforcement of F > 20, null MR-Egger intercepts, and independent replication in the UK Biobank–FinnGen meta-analysis mitigate—but do not eliminate—potential inflation from shared participants and hospital co-coding. Fourth, because all underlying cohorts consist predominantly of European-ancestry participants, our genetic findings cannot be generalized uncritically to East Asian, South Asian, African, or Latin American populations without dedicated trans-ethnic MR validation. Fifth, germline MR estimates the cumulative effect of lifelong endogenous biomarker modulation rather than acute 6-to-72-hour pharmacological or extracorporeal interventions in critically ill patients; thus, MR odds ratios reflect causal pathway directionality rather than acute clinical trial treatment effect sizes (Burgess et al., 2013; Lan et al., 2026; Pickkers et al., 2024). Sixth, the Layer 2 UKB–FinnGen AKI meta-analysis (Sakaue et al., 2021 GCST90018790) includes early FinnGen participants and therefore provides only partial, non-independent replication, and none of the nominal biomarker associations replicated consistently across both AKI cohorts. Seventh, with k = 3 to 7 SNPs per biomarker, Cochran's Q, MR-Egger (df = 1 to 5), and leave-one-out diagnostics have low statistical power, and several instruments are dominated by single functional or pleiotropic loci (such as ACADS rs3916 carrying 95.5% weight for butyrylcarnitine C4, pleiotropic SH2B3 rs3184504 in IL-12B, SLCO1B1 rs4149056 in bile acids, and the eGFR-associated NAT8 locus rs13392272 in N-acetylkynurenine, which attenuated to null in eGFR-adjusted MVMR). Eighth, in Layer 4 Two-Step Mediation MR, total biomarker effects on AKI were null for the sepsis-associated candidates, CCL19 and polygenic IL-6 exhibited inconsistent mediation (opposite total and indirect signs), and none of the indirect effects survived multiple-testing correction across the 12 models (all BH-FDRind ≥ 0.0828). Ninth, single-SNP instruments for p-cresol glucuronide and phenylacetate (k = 1, 80% MDE OR = 1.40–1.48) had limited statistical power to rule out small-to-moderate effects, and major uremic solutes such as indoxyl sulfate, p-cresol sulfate, and free TMAO were not available in CLSA. Tenth, neither forward nor reverse MR of lifelong genetic liability to registry-diagnosed AKI can directly test acute ICU kinetic retention from sudden GFR loss and OAT1/OAT3 secretory failure (Burgess et al., 2013; Burgess et al., 2016; Carter et al., 2021).
From a translational standpoint, our findings offer an immediate roadmap for rationalizing biomarker-guided clinical trials in critical care nephrology. Because acute ICU elevations of p-cresol glucuronide, phenylacetate, TMAO precursors, IL-18, and MCP-1 are genetically null in forward MR, therapeutic strategies aimed solely at scavenging these downstream solutes in established SA-AKI are unlikely to reverse primary tubular pathobiology unless paired with upstream source control and restoration of OAT1/OAT3 tubular transport. Instead, translational research should prioritize: (1) early haemodynamic and antimicrobial prevention of sepsis progression, potentially augmented by biomarker-stratified modulation of IL-6R trans-signalling (cis-IL6R axis), inhibition of TRAIL-induced lymphocyte apoptosis, and preservation of CCL19–CCR7 lymphoid competence; and (2) targeted hepatobiliary–gut–kidney metabolic interventions that prevent systemic spillover of sulfated bile acids (via FXR/ASBT modulation), restore commensal butyrate and acylcarnitine mitochondrial bioenergetics (butyrylcarnitine C4 / ACADS axis), and inhibit IDO1/KMO-mediated kynurenine nephrotoxicity to preserve proximal tubular NAD+ homeostasis during septic shock (Jiménez-Esquivel et al., 2025; Liu et al., 2026; Zarbock et al., 2023; Zhou et al., 2026).
5. CONCLUSION
5.1 Summary of Genetic Evidence and Future Directions in Sepsis and Acute Kidney Injury
In conclusion, this four-layer bidirectional and exploratory two-step mediation Mendelian randomisation study across 46 exposure sets, 1,894 harmonised SNP–outcome pairs, and 305 models on GRCh38 demonstrates that genetic liability to clinical sepsis is robustly associated with hospital-diagnosed acute kidney injury in FinnGen Release 12 (polygenic IVW OR = 1.281, 95% CI 1.188–1.380, BH-FDR = 2.02 × 10-10; MRlap overlap-corrected OR = 1.242; strict genome-wide k = 3 OR = 1.298, p = 0.087), in the partially overlapping UK Biobank–FinnGen meta-analysis (polygenic OR = 1.188, BH-FDR = 0.0092), and in non-overlapping UK Biobank sepsis instruments tested against FinnGen AKI (OR = 1.214, p = 0.0029), whereas reverse AKI-to-sepsis estimates are null or heterogeneous (Weighted Median OR = 1.027, p = 0.545). Across 42 circulating inflammatory cytokines and gut microbiota-derived metabolites, no individual biomarker survived Benjamini–Hochberg FDR correction (BH-FDR = 0.162–0.538) or replicated across both AKI datasets, and analysed aromatic uremic toxins (p-cresol glucuronide, phenylacetate), TMAO precursors, effector cytokines (IL-18, MCP-1, MIP-1β, CXCL10, IL-10, IL-1ra), and all 14 reverse biomarker MR models were statistically null. Nominally significant associations for TRAIL, CCL19, cis-IL6R, and 6-bromotryptophan with sepsis and for IL-12B, sulfated bile acids, N-acetylkynurenine, and butyrylcarnitine (C4) with AKI should be regarded strictly as exploratory, hypothesis-generating leads requiring independent validation in conditional ICU sepsis-associated AKI cohorts and mechanistic studies.

Limitations
This study relied on summary-level genetic association data for separately diagnosed sepsis and acute kidney injury (AKI), rather than a clinically defined sepsis-associated AKI phenotype. Substantial participant overlap within FinnGen and partial overlap in the replication dataset may influence estimates despite sensitivity analyses. Differences in outcome definitions, biomarker measurement platforms and predominantly European-ancestry populations may limit generalisability. Some biomarkers had few instrumental variants, restricting statistical power and pleiotropy assessment. No individual biomarker association survived multiple-testing correction, and mediation findings remained exploratory. Future studies should employ independent, ancestry-diverse cohorts with clinically characterised sepsis-associated AKI phenotypes.
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Figure 1. Distribution of Genetic Instrument Strength (Mean F-Statistic > 10) and Allele Harmonization Audit Across Outcome Cohorts

Butyrylcarnitine (C4)
CCL25 (Zhao 2023)

CXCL10 / IP-10 (Zhao 2023)
VEGF-A (Zhao 2023)
MMP-1 (Zhao 2023)

Mean F = 638.0 (Min 79.9)
Mean F = 432.6 (Min 47.1)

Mean F = 432.4 (Min 45.5)
N-acetylkynurenine

IL-12B (Zhao 2023)
Glycodeoxycholate 3-sulfate

Mean F = 340.1 (Min 40.3)
Mean F = 332.3 (Min 39.3)

Mean F = 302.7 (Min 101.4)
L-Carnitine

Mean F = 258.4 (Min 63.5)
IL-18 (Zhao 2023)

O| Mean F = 234.2 (Min 212.6)
Indoleacetoylcarnitine

TRAIL (Zhao 2023)
Deoxycarnitine (gBB)

Mean F = 229.1 (Min 54.2)
Mean F = 224.0 (Min 64.7)
Mean F = 216.7 (Min 60.0)
Isobutyrylcarnitine (C4) Mean F = 201.4 (Min 42.2)
3-formylindole (I3A)
CCL19 (Zhao 2023)

IL-6 cis-IL6R (Zhao 2023)

Mean F = 198.0 (Min 38.3)
Mean F = 180.8 (Min 66.8)

O Mean F = 173.5 (Min 173.5)

6-bromotryptophan Mean F = 154.1 (Min 60.0)

Kynurenate Mean F = 151.8 (Min 44.5)
Taurocholenate sulfate Mean F = 148.0 (Min 38.2)
Indolepropionate (IPA) O Mean F = 120.4 (Min 120.4) O Minimum SNP F-stat
Glycochenodeoxycholate 3-S Mean F = 99.9 (Min 37.6)

I

[
— —————
10! 102

A. Genetic Instrument Strength Across Key Exposures (All F > 20.4)

Mean F = 1828.4 (Min 97.1)

Mean F = 1607.7 (Min 192.9)

= =+ Weak Instrument Cutoff (F = 10)
----- Minimum Observed SNP F = 20.4

Tl T T LA |
103 104

Instrument Strength F-Statistic = (B_exp / SE_exp)? [Log1o Scale]

B. Allele Harmonization & Audit Summary (300 Loci; 1,894 Pairs)

Hll Harmonized Retained SNPs (Steiger 100% Valid)

B Excluded Ambiguous Palindromes / Missing Proxy
Zhao 2023 Cytokines |

(14 non-Finnish, N=14,824)

1 excl.

Ahola-Olli 2017 Cytokines

92 SNPs
(7 ICU traits, N=8,293)

21 excl.

65 SNPs
Chen 2023 Gut Metabolites

(21 CLSA traits, N=8,299)

Disease Bidirectional IVs

(Sepsis & AKI GW/Polygenic) 0 excl.

Master Harmonization Audit Summary (GRCh38):

* Total Unique Exposure Sets Audited: 46 (42 Biomarkers + 4 Disease IVs)

* Unique GRCh38 SNP Coordinates: 300 | Audited SNP-Outcome Pairs: 1,894
» Total MR Regression Models Executed: 305 | Steiger Valid: 100%

¢ Individual SNP F-Statistic Range: 20.4 to 5,240.6 (Mean F: 22.6 to 1,828.4)

T T T T T
0 20 40 60 80 100
Number of LD-Independent Instrumental Variants (r2 < 0.001, 10,000 kb




image2.png
Figure 2. Two-Panel Forest Plot of Primary Forward Two-Sample MR Estimates for Key Cytokines and Gut Microbiota Metabolites on AKI and Sepsis
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Figure 3. Multi-Method Mendelian Randomization Scatter Plots (IVW, Weighted Median, MR-Egger) Across Six Key Cytokine and Metabolite Axes
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Figure 4. Funnel Plot Precision Audit for Directional Pleiotropy and Leave-One-Out Sensitivity Analysis Across Multi-SNP Signals
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Figure 5. Bidirectional Disease Causality (Sepsis <-> AKI), Reverse Biomarker MR Audit, and Two-Step Mediation Decomposition Along the Gut-immune-Kidney Axis

Sepsis (Polygenic, k=48) -> AKI (FInnGen)

Sepsis (Strict GW, k=2) -> AKI (UKB Meta)

Sepsis (Polygenic, k=31) -> AKI (UKB Meta)

Sepsis (Strict GW, k=3) -> AKI (FinnGen)

AKI (Polygenic, k=36) -> Sepsis (FinnGen) -

AKI (Strict UMOD, k=2) -> Sepsis (FinnGen) -

A. Dominant Causal Asymmetry: Sepsis -> AKI vs. AKI -> Sepsis

+ OR=1.281 (p=1.01x10"'° (FDR=2.02x10"'9))

O OR=1.808 (p=0.0087 (FDR=0.0092))

O OR=1.188 (p=0.0092 (FDR=0.0092))

OR=1.298 (p=0.0870 (FDR=0.0870))

OR=1.085 (p=0.0211 (FDR=0.0422))

OR=1.029 (p=0.9370 (FDR=0.9370, Null))

2 3 4
Bidirectional Disease MR Odds Ratio (95% CI)

- -¢--¥--}--

C. Two-Step Mediation MR: Systemic Sepsis Mediation vs. Direct Renal Path

TRAIL (Zhao 2023)
6-bromotryptophan -
CCL19 (Zhao 2023) -
IL-6 cis-IL6R -

IL-6 (Ahola-Olli) -
Taurocholenate-S -
IL-12B (Zhao 2023)
N-acetylkynurenine
Glycodeoxycholate-3S -

CCL25 (Zhao 2023)

B_ind=+0.0222 (p=0.0135*) | _dir=+0.011
B_ind=+0.0215 (p=0.0461*) | B_dir=+0.020
B_ind=-0.0213 (p=0.0138*) | B_dir=+0.060
B_ind=-0.0378 (p=0.0446%) | B_dir=-0.142
B_ind=-0.0212 (p=0.0550) | B_dir=+0.061
B_ind=-0.0054 (p=0.4070) | B_dir=+0.091
B_ind=+0.0073 (p=0.5120) | B_dir=+0.056
B_ind=+0.0015 (p=0.7730) | B_dir=+0.059
B_ind=-0.0053 (p=0.3580) | B_dir=+0.066

B ind=-0.0043 (p=0.2750) | B_dir=-0.037

I Indirect Effect via Sepsis (B_ind = B1 X B2)
Il Direct Non-Sepsis Renal Effect (B_dir = B_total — B_ind)

T T T T T T T T T
-0.15 -0.10 —0.05 0.00 0.05 0.10 0.15 0.20 0.25

Log-Odds Effect Size on Acute Kidney Injury (B)

AKI -> Betaine (k=18)

Sepsis -> IL-12B (k=16) -

AKI -> Butyrylcarnitine C4 (k=18) -
Sepsis -> IL-18 (k=16) -

AKI -> N-acetylkynurenine (k=18)
Sepsis -> N-acetylkynurenine (k=19) -
AKI -> VEGF-A (k=17) -

Sepsis -> Butyrylcarnitine C4 (k=19) A
AKI -> IL-18 (k=17) -

AKI -> IL-12B (k=17) -

B. Reverse Biomarker MR Audit (Excluding Genetic Reverse Causation)

—.—i— exp(B)=0.969 (p=0.203, FDR=0.406)
E C exp(B)=1.121 (p=0.220, FDR=0.440)
—i—.— exp(B)=1.028 (p=0.278, FDR=0.555)
o i exp(B)=0.929 (p=0.311, FDR=0.622)
—.—E— exp(B)=0.966 (p=0.348, FDR=0.351)
® E exp(B)=0.948 (p=0.351, FDR=0.351)
—i-.— exp(B)=1.015 (p=0.643, FDR=0.927)
E o exp(B)=1.022 (p=0.681, FDR=0.681)
—.i— exp(B)=0.990 (p=0.791, FDR=0.791)
—:b— exp(B)=1.005 (p=0.862, FDR=0.862)
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Reverse MR Effect Size exp(B) (95% CI) — All Null (All p > 0.20)

D. Mechanistic Dichotomy Along the Gut-Immune-Kidney Causal Axis

- " ~— )
PATHWAY 1: SYSTEMIC SEPSIS MEDIATORS CLINICAL SEPSIS LIABILITY
(Two-Step MR Indirect p_ind < 0.05) (FinnGen R12: 17,133 cases)
« TRAIL (OR_sep=1.094, P=0-0075) - > Step 2 Causal Cascade (Sepsis -> AKl):
-> B_ind = +0.0222 * 0.0090 (p=0.0135) Bz = +0.2473 + 0.0383
« 6-bromotryptophan (OR_sep=1.091, p=0.0360) IVW OR = 1.281 (p = 1.01 x 10-'°)
-> B_ind = +0.0215 * 0.0108 (p=0.0461) UKB Meta OR = 1.808 (p = 0.0087)
+ CCL19 (OR _sep=0.917, p=0.0077)
-> B_ind = —0.0213 * 0.0087 (p=0.0138) ~ 4 —
¢ IL-6 c_is-ILGR (OR_sep=0.858, p=0.0346) [ )
-> B_ind = —0.0378 *+ 0.0188 (p=0.0446) ACUTE KIDNEY INJURY (SA-AKI)
- J (FinnGen: 8,383 | Meta: 7,695 cases)
(e =
PATHWAY 2: DIRECT RENAL TUBULAR AXES Proximal Tubular Mitochondrial Stress,
(Direct B_dir Dominant; Step 1 Sepsis Null) Peritubular Endothelial Injury &
» Sulfated Bile Acids (SLCO1B1/SLC10A2/SULT2A1): i @7 (R QPO Sl isitioln
GCDCA-3S (OR=1.124, p=0.0173); Taurocholenate-S / )
(OR=1.089, p=0.0213; B_dir = +0.091) 4
- )

* IL-12B (OR=1.065, p=0.0290; B_dir = +0.056) &
N-acetylkynurenine (OR=1.062, p=0.0491;
B_dir = +0.059)

 Butyrylcarnitine C4 (OR=0.958, p=0.0256)

Passive Retention of p-Cresol, Phenylacetate,
Indoleacetylglutamine, TMAO Precursors,
IL-18, MCP-1, MIP-1B, CXCL10 (All p > 0.05)

DOWNSTREAM ICU EPIPHENOMENA (MR NULL)





