STROBE-MR checklist of recommended items to address in reports of Mendelian randomization studies1 2 

	Item No.
	Section
	Checklist item 
	Page No.
	Relevant text from manuscript

	1
	TITLE and ABSTRACT
	Indicate Mendelian randomization (MR) as the study’s design in the title and/or the abstract if that is a main purpose of the study
	1-2
	Causality of eosinophil cells and diabetic nephropathy: combined Single-cell RNA sequencing and Mendelian randomization analysis
Eosinophils are correlated with severity of diabetic nephropathy (DN). This study aimed to investigate the causality and molecular mechanisms of eosinophils and DN using Mendelian Randomization (MR) combined with single-cell analysis.

	
	INTRODUCTION
	
	
	

	2
	Background
	Explain the scientific background and rationale for the reported study. What is the exposure? Is a potential causal relationship between exposure and outcome plausible? Justify why MR is a helpful method to address the study question
	3-5
	Eosinophils, a type of blood leukocyte first described by Paul Ehrlich in the late 1800s, are relatively uncommon... One study demonstrated that, in 783 Japanese individuals with Type 2 Diabetes(T2D), a correlation was found between eosinophil counts and albumin excretion rates in men. In addition, a study indicated that the presence of both blood and renal infiltrated eosinophils in patients suffering from DN... One study showed that interstitial eosinophilic aggregates (IEA) are more common in DN than in other types of glomerulopathy. Mendelian randomization (MR) analysis revealed that eosinophil count plays an important role in the risk of developing DN.
MR is a technique that utilizes genetic variation to investigate causal relationships. It is based on random inheritance of genes and can provide evidence for causal relationships in observational studies... Nevertheless, there is still no robust evidence to support a causal relationship between eosinophils and DN.

	3
	Objectives
	State specific objectives clearly, including pre-specified causal hypotheses (if any). State that MR is a method that, under specific assumptions, intends to estimate causal effects
	5
	In this study, we used MR to assess whether the eosinophil count cells were casually associated with DN based on the relevant data of DN and eosinophil counts in public databases, and a sensitivity analysis was performed to evaluate the effect of the hypothesis based on the findings to assure the robustness of the results. In addition, scRNA-seq of DN was performed in combination with MR to explore the centrality of single nucleotide polymorphisms (SNPs) in gene expression within a single-cell dataset.

	
	METHODS
	
	
	

	4
	Study design and data sources
	Present key elements of the study design early in the article. Consider including a table listing sources of data for all phases of the study. For each data source contributing to the analysis, describe the following: 
	
	

	
	a)
	Setting: Describe the study design and the underlying population, if possible. Describe the setting, locations, and relevant dates, including periods of recruitment, exposure, follow-up, and data collection, when available.
	5
	The finn-b-DM_NEPHROPATHY for DN, containing 16,380,453 SNPs from 213,746 samples, and ieu-b-33 for eosinophil cell count, containing 26,776,111 SNPs from 563,946 samples, were downloaded from the GWAS Catalog and Integrative Epidemiology Unit (IEU) Open GWAS (https://gwas.mrcieu.ac.uk/) databases, respectively. GSE30122 (GPL571) and (GPL24676) were obtained from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). GSE30122 contained 9 DN and 26 control samples from the glomerulus(18). The single-cell dataset GSE131882 contained three DN and three control kidney samples.

	
	b)
	Participants: Give the eligibility criteria, and the sources and methods of selection of participants. Report the sample size, and whether any power or sample size calculations were carried out prior to the main analysis 
	5
	The finn-b-DM_NEPHROPATHY for DN, containing 16,380,453 SNPs from 213,746 samples, and ieu-b-33 for eosinophil cell count, containing 26,776,111 SNPs from 563,946 samples, were downloaded from the GWAS Catalog and Integrative Epidemiology Unit (IEU) Open GWAS (https://gwas.mrcieu.ac.uk/) databases, respectively. GSE30122 contained 9 DN and 26 control samples from the glomerulus(18). The single-cell dataset GSE131882 contained three DN and three control kidney samples.

	
	c)
	Describe measurement, quality control and selection of genetic variants
	5-6
	Three basic premises underlie MR studies: (1) there is a robust and remarkable relationship between instrumental variables (IVs) and exposure, (2) IVs are not related to confounding factors, and (3) IVs can only influence outcomes through exposure and not through other channels. To meet these three core criteria, exposure factors were extracted, and IVs were filtered using the extractinstruments function of R package (v 0.5.6) with P < 5×10-8. IVs with linkage disequilibrium (LD) were removed to ensure independence, with clump = TRUE, r2 = 0.001, and kb = 10000 in the MR analysis. Meanwhile, an F-statistic greater than 10 was considered a strong IVs for MR analysis.

	
	d)
	For each exposure, outcome, and other relevant variables, describe methods of assessment and diagnostic criteria for diseases
	NA
	

	
	e)
	Provide details of ethics committee approval and participant informed consent, if relevant
	22
	Not applicable.

	5
	Assumptions

	Explicitly state the three core IV assumptions for the main analysis (relevance, independence and exclusion restriction) as well assumptions for any additional or sensitivity analysis
	5
	Three basic premises underlie MR studies: (1) there is a robust and remarkable relationship between instrumental variables (IVs) and exposure, (2) IVs are not related to confounding factors, and (3) IVs can only influence outcomes through exposure and not through other channels.

	6
	Statistical methods: main analysis
	Describe statistical methods and statistics used
	
	

	
	a)
	Describe how quantitative variables were handled in the analyses (i.e., scale, units, model)
	5-6
	IVs were filtered using the extractinstruments function of R package (v 0.5.6) with P < 5×10-8. IVs with linkage disequilibrium (LD) were removed to ensure independence, with clump = TRUE, r2 = 0.001, and kb = 10000 in the MR analysis. Meanwhile, an F-statistic greater than 10 was considered a strong IVs for MR analysis. An odds Ratio (OR) > 1 represented a risk factor, and an OR < 1 was a safety factor.

	
	b)
	Describe how genetic variants were handled in the analyses and, if applicable, how their weights were selected
	6
	The effect of eosinophil cell counts on DN analysis was obtained after filtering the IVs. The MR Egger test, weighted median, inverse variance-weighted (IVW) simple median, and maximum likelihood were used to conduct the UVMR study. The most important method is IVW because of its better performance in detecting causation.

	
	c)
	Describe the MR estimator (e.g. two-stage least squares, Wald ratio) and related statistics. Detail the included covariates and, in case of two-sample MR, whether the same covariate set was used for adjustment in the two samples
	6
	The effect of eosinophil cell counts on DN analysis was obtained after filtering the IVs. The MR Egger test, weighted median, inverse variance-weighted (IVW), simple median, and maximum likelihood were used to conduct the UVMR study. The most important method is IVW because of its better performance in detecting causation. The results are demonstrated using scatter, forest, and funnel plots.

	
	d)
	Explain how missing data were addressed
	NA
	

	
	e)
	If applicable, indicate how multiple testing was addressed
	NA
	NA

	7
	Assessment of assumptions
	Describe any methods or prior knowledge used to assess the assumptions or justify their validity	
	5-6
	To appraise the credibility of the UVMR analysis results, sensitivity analysis was performed. First, the heterogeneity test was conducted using Cochran’s Q test. A P > 0.05 indicates no heterogeneity, in which case the fixed-effects IVW method was adopted for analysis. If the P < 0.05 suggests the presence of heterogeneity, the random-effects IVW method was employed instead. Second, the horizontal pleiotropy test was performed using the two-sample MR function mr_pleiotropy_test in R and P > 0.05, indicating no horizontal pleiotropy, indicating that there were no confounding factors in the study. Finally, the leave-one-out (LOO) method was conducted by gradually eliminating each SNP... Furthermore, Steiger directionality analysis was implemented using TwoSampleMR to determine whether the direction was TRUE (P < 0.05).

	8
	Sensitivity analyses and additional analyses
	Describe any sensitivity analyses or additional analyses performed (e.g. comparison of effect estimates from different approaches, independent replication, bias analytic techniques, validation of instruments, simulations)
	5-6
	To appraise the credibility of the UVMR analysis results, sensitivity analysis was performed. First, the heterogeneity test was conducted using Cochran’s Q test... Second, the horizontal pleiotropy test was performed using the two-sample MR function mr_pleiotropy_test in R... Finally, the leave-one-out (LOO) method was conducted... Furthermore, Steiger directionality analysis was implemented using TwoSampleMR to determine whether the direction was TRUE (P < 0.05).

	9
	Software and pre-registration
	
	
	

	
	a)
	Name statistical software and package(s), including version and settings used 
	5-9
	exposure factors were extracted, and IVs were filtered using the extractinstruments function of R package(v 0.5.6)... To investigate the role of exposure factor-related genes in GSE131882, single-cell analysis was performed using the Seurat package (v 3.1.5)... The sc-DEGs of eosinophil cells between DN and control samples in GSE131882 were selected using the DESeq2 package(32) (v 1.30.1)... All statistical analyses were performed using R software (v 4.2.2), and P < 0.05.

	
	b)
	State whether the study protocol and details were pre-registered (as well as when and where)
	NA
	

	
	RESULTS
	
	
	

	10
	Descriptive data
	
	
	

	
	a)
	Report the numbers of individuals at each stage of included studies and reasons for exclusion. Consider use of a flow diagram
	5, 9
	The finn-b-DM_NEPHROPATHY for DN, containing 16,380,453 SNPs from 213,746 samples, and ieu-b-33 for eosinophil cell count, containing 26,776,111 SNPs from 563,946 samples... GSE30122 contained 9 DN and 26 control samples from the glomerulus(18). The single-cell dataset GSE131882 contained three DN and three control kidney samples. First, 440 SNPs of eosinophil cell counts were obtained as IVs (Supplementary Table 1).

	
	b)
	Report summary statistics for phenotypic exposure(s), outcome(s), and other relevant variables (e.g. means, SDs, proportions)
	9
	The IVW results showed that eosinophil count was causally associated with DN and was a risk factor (P =0.025, OR = 1.153, 95% confidence interval (CI) = 1.018-1.306) (Table 1, Figure 1A).

	
	c)
	If the data sources include meta-analyses of previous studies, provide the assessments of heterogeneity across these studies
	NA
	

	
	d)
	For two-sample MR:
   i.  Provide justification of the similarity of the genetic variant-exposure associations between the exposure and outcome samples
   ii.  Provide information on the number of individuals who overlap between the exposure and outcome studies
	NA
	

	11
	Main results
	
	
	

	
	a)
	Report the associations between genetic variant and exposure, and between genetic variant and outcome, preferably on an interpretable scale
	9
	First, 440 SNPs of eosinophil cell counts were obtained as IVs (Supplementary Table 1). The effect of eosinophil cell count on DN was analyzed using UVMR analysis, in which the exposure factor was eosinophil cell count and the outcome was DN.

	
	b)
	Report MR estimates of the relationship between exposure and outcome, and the measures of uncertainty from the MR analysis, on an interpretable scale, such as odds ratio or relative risk per SD difference
	9
	The IVW results showed that eosinophil count was causally associated with DN and was a risk factor (P =0.025, OR = 1.153, 95% confidence interval (CI) = 1.018-1.306) (Table 1, Figure 1A).

	
	c)
	If relevant, consider translating estimates of relative risk into absolute risk for a meaningful time period
	NA
	

	
	d)
	Consider plots to visualize results (e.g. forest plot, scatterplot of associations between genetic variants and outcome versus between genetic variants and exposure)
	9-10
	The results are demonstrated using scatter, forest, and funnel plots. The scatter plot showed that the intercept of the IVW was quite small, indicating that confounders had little effect and did not affect the reliability of the results (Figure 1B). Meanwhile, the samples were symmetrically distributed along both sides of the IVW line in the funnel plot, suggesting that UVMR followed Mendel’s second law of random grouping (Figure 1C).

	12
	Assessment of assumptions
	
	
	

	
	a)
	Report the assessment of the validity of the assumptions
	10
	Sensitivity analysis was performed to determine the reliability of the UVMR results. First, there was heterogeneity (P = 0.0004); thus, the random-effects IVW method was used to estimate the effect of eosinophil cell count on DN (Table 2). Horizontal pleiotropy test results showed no horizontal pleiotropic effect (P = 0.7385) between eosinophil cell count and DN (Table 3). In addition, there were no severely biased SNPs in LOO, indicating that the analysis results were reliable (Supplementary Figure 1). Moreover, Steiger directionality analysis indicated the correct direction, and the result was TRUE (Table 4).

	
	b)
	Report any additional statistics (e.g., assessments of heterogeneity across genetic variants, such as I2, Q statistic or E-value)
	10
	First, there was heterogeneity (P = 0.0004); thus, the random-effects IVW method was used to estimate the effect of eosinophil cell count on DN (Table 2). Horizontal pleiotropy test results showed no horizontal pleiotropic effect (P = 0.7385) between eosinophil cell count and DN (Table 3).

	13
	Sensitivity analyses and additional analyses
	
	
	

	
	a)
	Report any sensitivity analyses to assess the robustness of the main results to violations of the assumptions
	10
	Sensitivity analysis was performed to determine the reliability of the UVMR results. First, there was heterogeneity (P = 0.0004); thus, the random-effects IVW method was used to estimate the effect of eosinophil cell count on DN (Table 2). Horizontal pleiotropy test results showed no horizontal pleiotropic effect (P = 0.7385) between eosinophil cell count and DN (Table 3). In addition, there were no severely biased SNPs in LOO, indicating that the analysis results were reliable (Supplementary Figure 1).

	
	b)
	Report results from other sensitivity analyses or additional analyses
	10
	Moreover, Steiger directionality analysis indicated the correct direction, and the result was TRUE (Table 4).

	
	c)
	Report any assessment of direction of causal relationship (e.g., bidirectional MR)
	10
	Moreover, Steiger directionality analysis indicated the correct direction, and the result was TRUE (Table 4).

	
	d)
	When relevant, report and compare with estimates from non-MR analyses
	14
	The immune infiltration analysis results demonstrated that the immune infiltration of 11 immune cells was significantly different between the DN and control groups, and eosinophil cells were higher in DN infiltration than in controls, which is consistent with the results of literature and MR analysis.

	
	e)
	Consider additional plots to visualize results (e.g., leave-one-out analyses)
	10
	In addition, there were no severely biased SNPs in LOO, indicating that the analysis results were reliable (Supplementary Figure 1).

	
	DISCUSSION
	
	
	

	14
	Key results 
	Summarize key results with reference to study objectives
	13, 18
	This study investigated the causal link between eosinophils and DN by combining magnetic MR analysis with scRNA-seq. Additionally, IL7R, CD53, BPTF, FNBP4 and ANKRD36B were identified as the key DN genes. These findings provide a new perspective for an enhanced understanding of the essentiality of eosinophils in DN pathogenesis and contribute to the emergence of new diagnostic and therapeutic strategies.
This study provides new evidence at the cellular level for a causal link between eosinophils and DN using MR and single-cell RNA sequencing data, suggesting that eosinophils may be a potential risk factor for DN progression.

	15
	Limitations
	Discuss limitations of the study, taking into account the validity of the IV assumptions, other sources of potential bias, and imprecision. Discuss both direction and magnitude of any potential bias and any efforts to address them 
	18
	Our study revealed the causal relationship between eosinophils and DN at the cellular level. This study had some limitations. Prospective cohort studies are needed to examine the potential of these genes to predict DN progression. More experiments are necessary to gain a deeper understanding of the mechanisms underlying these key genes. Further research will help clarify the underlying processes. Moreover, the statistical approach of genetic aggregation limits the scope of analysis while accounting for interindividual differences. Therefore, additional studies are required to validate these findings.

	16
	Interpretation
	
	
	

	
	a)
	Meaning: Give a cautious overall interpretation of results in the context of their limitations and in comparison with other studies
	13-18
	DN is a common and serious complication of diabetes mellitus and has become one of the major causes of end-stage renal disease(ESRD) and mortality globally(35). This study investigated the causal link between eosinophils and DN by combining magnetic MR analysis with scRNA-seq. Additionally, IL7R, CD53, BPTF, FNBP4 and ANKRD36B were identified as the key DN genes.
This study provides new evidence at the cellular level for a causal link between eosinophils and DN using MR and single-cell RNA sequencing data, suggesting that eosinophils may be a potential risk factor for DN progression... However, it should be noted that the current conclusions are mainly based on bioinformatics analysis and association verification, and prospective cohort studies and functional experiments are still needed to confirm this link.

	
	b)
	Mechanism: Discuss underlying biological mechanisms that could drive a potential causal relationship between the investigated exposure and the outcome, and whether the gene-environment equivalence assumption is reasonable. Use causal language carefully, clarifying that IV estimates may provide causal effects only under certain assumptions 
	15-18
	In summary, the five key genes identified in this study may construct a "gene-eosinophil-kidney injury" regulatory axis by regulating eosinophil proliferation, activation, adhesion, migration, chemokine signal transduction, and oxidative phosphorylation, jointly participating in the immunopathological process of DN. This provides new candidate targets for in-depth analysis of the pathogenesis of DN and the development of targeted therapy strategies; however, their specific functions still require further investigation.

	
	c)
	Clinical relevance: Discuss whether the results have clinical or public policy relevance, and to what extent they inform effect sizes of possible interventions
	18
	Conclusion: This study showed a causal relationship between eosinophils and DN, and IL7R, CD53, BPTF, FNBP4 and ANKRD36B were identified as five key genes for DN, which may be useful in diagnosis and treatment of DN.
These findings provide a new perspective for an enhanced understanding of the essentiality of eosinophils in DN pathogenesis and contribute to the emergence of new diagnostic and therapeutic strategies.

	17
	Generalizability   
	Discuss the generalizability of the study results (a) to other populations, (b) across other exposure periods/timings, and (c) across other levels of exposure
	NA
	

	
	OTHER INFORMATION
	
	
	

	18
	Funding
	Describe sources of funding and the role of funders in the present study and, if applicable, sources of funding for the databases and original study or studies on which the present study is based
	21
	This research received no specific grant from funding agencies in the public, commercial, or not-for-profit sectors.

	19
	Data and data sharing 
	Provide the data used to perform all analyses or report where and how the data can be accessed, and reference these sources in the article. Provide the statistical code needed to reproduce the results in the article, or report whether the code is publicly accessible and if so, where
	21
	The datasets generated during the current study are available in the [GEO (GSE30122 and GSE30122) and Integrative Epidemiology Unit (IEU) Open GWAS] repository [https://www.ncbi. nlm.nih. gov/gds, https://gwas.mrcieu.ac.uk/].

	20
	Conflicts of Interest  
	All authors should declare all potential conflicts of interest
	21
	The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
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