
CLINICAL STUDY

Renal Failure
2025, VOL. 47, NO. 1, 2476051

Educational attainment, body mass index, and smoking as mediators in 
kidney disease risk: a two-step Mendelian randomization study

Lei Zhang, Baiyu Feng, Zhiwen Liu and Yu Liu

Department of Nephrology, The Second Xiangya Hospital at Central South University, Hunan Key Laboratory of Kidney Disease and 
Blood Purification, Changsha, Hunan, China

ABSTRACT
Background:  Educational attainment (EA) has been linked to various health outcomes, including 
kidney disease (KD). However, the underlying mechanisms remain unclear. This study aims to 
assess the causal relationship between EA and KD and quantify the mediation effects of modifiable 
risk factors using a Mendelian randomization (MR) approach.
Methods:  We performed a two-sample MR analysis utilizing summary statistics from large-scale 
European genome-wide association studies (GWAS). EA (NGWAS = 766,345) was used as the 
exposure, and KD (Ncase/Ncontrol= 5,951/212,871) was the outcome. A two-step MR method was 
applied to identify and quantify the mediation effects of 24 candidate risk factors.
Results:  Each additional 4.2 years of genetically predicted EA was associated with a 32% reduced 
risk of KD (odds ratio [OR] 0.68; 95% confidence interval [CI] 0.56, 0.83). Among the 24 candidate 
risk factors, body mass index (BMI) mediated 21.8% of this protective effect, while smoking 
heaviness mediated 18.7%.
Conclusions:  This study provides robust evidence that EA exerts a protective effect against KD, 
partially mediated by BMI and smoking. These findings highlight the potential for targeted public 
health interventions aimed at mitigating obesity and smoking-related risks to reduce KD incidence, 
particularly among individuals with lower educational attainment.

Introduction

Kidney disease (KD) encompasses a variety of disorders that 
impair kidney function, with even mild abnormalities increas-
ing the risk of complications and mortality [1]. It is primarily 
classified into acute kidney injury (AKI), which is character-
ized by a rapid decline in kidney function, and chronic kid-
ney disease (CKD), where dysfunction persists for more than 
three months [2]. AKI can progress to CKD, and conversely, 
CKD increases the likelihood of experiencing AKI. The inci-
dence of CKD is rising, likely driven by the increasing preva-
lence of risk factors such as obesity and diabetes mellitus. In 
2017, an estimated 843.6 million people worldwide were 
affected by CKD [3]. Recent studies have shown that the bur-
den of CKD was concentrated in areas with relatively low 
socio-demographic index (SDI), most notably in Oceania, 
Sub-Saharan Africa, and Latin America [4]. A meta-analysis 
including 154 studies showed that the incidence rate of AKI 
was higher in Southern Europe (31.5%) and South America 
(29.6%) compared to the other regions with relatively higher 

SDI included in the study [5]. Also, studies indicated that a 
higher risk of AKI was noted in comparatively deprived areas, 
and renal failure was linked to low socioeconomic status 
[6–8]. Other recent observational studies also revealed that 
higher education, a reliable indicator of socioeconomic posi-
tion [9], was associated with reduced incidences of CKD in 
the general population and type 2 diabetes patients, as well 
as decreased risk of end-stage renal disease in type 1 diabe-
tes patients.

Previous observational studies indicated that the waist-to-
hip ratio (WHR), hypertension, body mass index (BMI), smok-
ing, and potassium excretion are likely associated with the 
relationship between education and CKD [10–12]. However, 
the conclusion based on these observational studies was 
unreliable due to the easy influence of confounders and 
reverse causation. Therefore, a method free from the biases 
of traditional observational study is required to answer the 
question of what the mediators are and what their pathway 
is in the association between education and renal failure.
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Mendelian randomization (MR) is a technique that utilizes 
genetic variants identified in genome-wide association stud-
ies (GWAS) as instrumental variables to deduce the causal 
association between exposure and outcome. As allelic vari-
ants are randomly allocated during conception, MR can emu-
late randomized controlled studies and minimize bias [13]. 
Albeit, previous MR studies showed the association between 
some of the renal risk factors (e.g., blood lipids, obesity, 
blood pressure) and CKD [14–16]. And, a recent MR study 
revealed that educational attainment (measured by years of 
schooling) had a protective effect on CKD [17]. The relation-
ship between educational attainment and KD, and the poten-
tial mediation by modifiable renal risk factors, remains 
unclear. To address this, we utilized univariable MR to exam-
ine the link between education and renal failure, followed by 
a two-step MR analysis to determine the contribution of 
these risk factors to this connection. The potential mediators 
in the two-step analysis, collected from published literature, 
show a demonstrated link with KD. Our findings suggest that 
implementing population-level interventions to address mod-
ifiable risk factors such as WHR, BMI, smoking, and systolic 
blood pressure (SBP) could substantially reduce the risk of 
renal failure, particularly among individuals with lower edu-
cational levels. This research can be instrumental in helping 
those with limited educational backgrounds lower their risk 
of renal failure and improve overall renal health.

Materials and methods

Overall study design

The Mendelian randomization analysis relies on three funda-
mental assumptions: (1) the genetic variants used as instru-
ments must have a significant correlation with the exposure. 
(2) the instrumental variables should not be linked to con-
founding factors that influence both the exposure and out-
come. (3) the genetic variants should only relate to the 
outcome through the exposure [18]. To assess the causal 
effect of EA on KD, we conducted univariable MR analysis, 
which revealed a negative association between EA and KD. 
We then screened for candidate mediators that could con-
tribute to the protective effect of EA on KD. The screening 
process consisted of three steps: (1) we excluded mediators 
that showed bidirectional associations with EA, as this could 
complicate the interpretation of the mediation analysis [19]. 
(2) We removed mediators that exhibited inconsistent causal 
effects on KD, either before or after adjusting for EA. (3) 
Finally, we selected mediators with opposite causal effects, 
meaning the effect of EA on the mediator and the effect of 
the mediator on KD should operate in opposite directions. To 
assess the mediation effect of a single risk factor or a com-
bination of multiple risk factors, we applied a two-step 
Mendelian randomization (MR) approach (Figure 1). For 
example, urate passed the first selection step because 

Figure 1.  The flow of the study. EA, educational attainment; KD; BMI, body mass index; WHR waist-to-hip ratio; SBP, systolic blood pressure; DBP, diastolic blood 
pressure; HDL-C, high-density lipoprotein cholesterol; MVPA, moderate to vigorous physical activity; LDL-C, high-density lipoprotein; cholesterol; TV, television.
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educational attainment was causally associated with urate, 
while no significant association was found in the reverse MR 
analysis, indicating that the relationship between educational 
attainment and urate is unidirectional, from EA to urate. 
However, in the second step, we found that urate was not 
causally associated with KD, whether or not EA was adjusted 
for, so it was excluded from further analysis.

Ethics

The original studies that are included in this MR analysis had 
ethical approval and informed consent. Summary-level statis-
tics used in the current study are publicly available, thus no 
further ethical approval was required.

Data resources and instrumental variable selection

We obtained instrumental variables from GWAS data of 
each phenotype. GWAS of educational attainment (EA) was 
a meta-analysis including 1,131,881 European individuals 
conducted by the Social Science Genetic Association 
Consortium (SSGAC) (Table 1) [20]. However, the 
summary-level data of EA included in this study only cov-
ered 766,345 samples since the participants from 23andMe 
consortium were excluded from publicly accessible data-
base. Since FinnGen does not provide a GWAS definition 
that directly corresponds to KD, we used ‘renal failure’ as 
the outcome, which encompasses the following conditions: 
acute renal failure, unspecified kidney failure, CKD, and 

dialysis. The outcome GWAS from FinnGen biobank con-
sisted of 218,792 participants of European ancestry (5951 
cases and 212871 controls) [21].

We chose a total of 24 candidate mediators based on 
published literature for the mediation analysis, and their rela-
tionship with KD was listed in Table S1. Summary informa-
tion of mediators, including BMI [22], WHR [23], hypertension, 
fasting glucose [24], smoking initiation [25], smoking heavi-
ness, diabetes, SBP, DBP, LDL-C [26], HDL-C, triglycerides, high 
cholesterol, urate, TV-watching, computer using, MVPA [27], 
physical inactivity, alcohol consumption, sleep duration, uri-
nary potassium [28], salt intake, fruit intake and processed 
meat intake were also listed in Table 1. All of the relative 
information is of European descent.

We selected single-nucleotide polymorphisms (SNPs) as 
independent instrumental variables based on strict criteria 
(p < 5 × 10−8, r2 < 0.001, and clumping distance > 1Mb) and 
removed palindromic IVs [29]. In cases where SNPs were 
missing in the outcome, we utilized proxy SNPs in linkage 
disequilibrium (r2 > 0.9). We used F-statistics to evaluate 
the strength of instrumental variables and exposure in our 
UVMR analysis. The F value can be calculated with the for-
mula: F = (N–K–1)/K × R2/(1–R2) [30]. This statistic was cal-
culated based on sample size (N), number of selected 
SNPs (K), and the proportion of variance of the exposure 
explained by SNPs. R2 was calculated by 2 × EAF× 
(1-EAF)×beta2, where beta means the effect of SNP on the 
exposure, and EAF represents the effect allele frequency 
[31]. F-statistics greater than 10 indicate unlikely weak 
instrument bias [32].

Table 1. A  summary of GWAS data used in this MR study.

Phenotype Unit Sample size Ancestry Consortium Author Year of publication

Educational attainment SD (4.2 years) 1,131,881 European SSGAC Lee et  al. 2018
Educational attainment SD (3.71 years) 293,723 European SSGAC Okbay et  al. 2016
RF Event 212,841 European FinnGen Kurki et  al. 2022
BMI SD (4.7 kg/m2) 681,275 European GIANT Yengo et  al. 2018
WHR SD (0.09) 212,244 European GIANT Shungin et  al. 2015
Hypertension Event 337,159 European UK Biobank Neale lab 2017
Fasting glucose SD (0.73 mmol/L) 58,074 European MAGIC Scott et  al. 2012
Diabetes Event 461,578 European UK Biobank Ben et  al. 2018
SBP SD 436,419 European UK Biobank Ben et  al. 2018
DBP SD 436,424 European UK Biobank Ben et  al. 2018
LDL-C SD (0.87 mmol/L) 440,546 European UK Biobank Richardson et  al. 2020
HDL-C SD (0.38 mmol/L) 403,943 European UK Biobank Richardson et  al. 2020
High cholesterol SD 337,159 European UK Biobank Neale lab 2017
Triglycerides SD 441,016 European UK Biobank Richardson et  al. 2020
Urate SD 343,836 European UK Biobank Neale lab 2018
Smoking initiation Event 607291 European GSCAN Liu et  al. 2019
Smoking heaviness SD (8 cigarettes/d) 337334 European GSCAN Liu et  al. 2019
Computer using SD 360,895 European UK Biobank Ben et  al. 2018
TV watching SD 437,887 European UK Biobank Ben et  al. 2018
Alcohol drinking SD 336,965 European UK Biobank Neale lab 2017
Sleep duration SD 460,099 European UK Biobank Ben et  al. 2018
MVPA SD (2084 MET-min/wk) 377 234 European UK Biobank Klimentidis et  al. 2018
Physical inactivity SD 460,376 European UK Biobank Ben et  al. 2018
Potassium in urine SD 326,816 European UK Biobank Hemani et  al. 2017
Salt intake SD 462,630 European UK Biobank Ben et  al. 2018
Processed meat intake SD 461,981 European UK Biobank Ben et  al. 2018
Fruit intake SD 446,462 European UK Biobank Ben et  al. 2018

MR, Mendelian randomization; RF, renal failure; BMI, body mass index; MVPA, moderate to vigorous physical activity; WHR, waist-to-hip ratio; SBP, systolic blood pres-
sure; SSGAC, Social Science Genetic Association Consortium; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein cholesterol; TV, television; SD, standard 
deviation; GIANT, Genetic Investigation of Anthropometric Traits; LDL-C, high-density lipoprotein; GSCAN, GWAS & Sequencing Consortium of Alcohol and Nicotine 
use; MAGIC, Meta-Analyses of Glucose and Insulin-related traits Consortium; ICBP, International Consortium of Blood Pressure.
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Statistical analysis

The inverse variance weighted (IVW) method was used as the 
primary analysis in both univariable and multivariable Mendelian 
randomization (UVMR and MVMR) analyses. IVW uses 
meta-analysis to combine the Wald estimate of each SNP, result-
ing in an unbiased causal estimation when pleiotropy is balanced.

We performed two-step MR analyses to calculate the 
mediation effect of each individual mediator in the relation-
ship between EA and KD [33]. The product of coefficients 
method was employed for each individual mediator. First, we 
analyzed the effect of EA on the mediator. Second, we used 
IVs for the mediator to estimate the causal association 
between the mediator and KD after adjusting for EA. The 
indirect effect mediated by the mediator was then calculated 
by multiplying the causal effect from both steps. To calculate 
the combined mediation effect of multiple mediators, we 
used the following method. The indirect effect was the resid-
ual of the total effect of EA on KD in UVMR analysis and the 
direct effect of EA on KD in MVMR analysis which included 
both EA and multiple mediators. To calculate the proportion 
of the mediation effect of individual mediator or multiple 
mediators, we divided their indirect effect by the total effect. 
We estimated standard errors using the delta method [34].

Sensitivity analyses

In addition to IVW, other methods like MR-Egger, weighted 
median, Radial MR, and Mendelian randomization pleiotropy 
residual sum and outlier (MR-PRESSO) were also used in 
UVMR analysis to confirm causal estimates. For MVMR analy-
sis, MVMR-Egger was further utilized. When the instrument 
strength independent of direct impact (InSIDE) assumption is 
still valid, the MR-Egger can evaluate directional pleiotropy 
via the intercept of its regression model and provide reliable 
estimates of causal effect [35]. If more than 50% of the IVs 
included in the study are valid, the weighted median method 
yields a consistent estimate [36]. MR-PRESSO could identify 
outliers with potential horizontal pleiotropy and reevaluate 
the causal effect after removing those outlying SNPs [37]. 
MR-Egger, Radial MR, and MR-PRESSO tested the horizontal 

pleiotropy in the UVMR analysis, and the heterogeneity of IVs 
was evaluated using Cochran’s Q statistics.

To ensure the validity of causal associations, we only 
accepted IVW estimates that aligned in direction and signifi-
cance with at least one method in the sensitivity analysis 
and exhibited no pleiotropy. (p for MR-Egger intercept > 
0.05). We conducted a sensitivity analysis to assess potential 
bias from overlapping samples, as the GWAS meta-analyses 
on education and some mediators included UK Biobank par-
ticipants. For this, we used an earlier GWAS of educational 
attainment [38] that excluded UK Biobank participants, pro-
viding a comparison to the main analysis of the relationship 
between EA and mediators. Additionally, the impact of sam-
ple overlap on the main analyses, which included the origi-
nal EA GWAS, was further assessed using online tools [39].

Results were presented as odds ratio (OR), β coefficient, 
and proportion with corresponding 95% confidence interval 
(CI). p < 0.05 was used as the significance threshold. All analy-
ses were performed in R (version 4.13) using ‘TwoSampleMR’, 
‘MendelianRandomization’, ‘MVMR’, ‘RadialMR’ and ‘MRPRESSO’ 
packages.

Results

Educational attainment had a protective effect on renal 
failure

A total of 257 genetic variants of EA were used in the UVMR 
analysis, explaining 1.84% of its variance, and the general F 
statistics is 56, and the IVs were listed in Table S14. The causal 
estimate indicated that EA had a protective effect on KD (OR 
0.68; 95% CI 0.56, 0.83). The IVW result was further validated 
in the sensitivity analysis evaluated by other two MR models 
(Figure 2): MR-Egger, Radial MR as well as MR-PRESSO results 
showed no evidence of pleiotropy (p > 0.05) (Tables S3, S4, and 
S12). Heterogeneity was not detected in Cochran’s Q analysis 
(Table S2). A previous study has shown that cognition may be 
both phenotypically and genetically associated with EA [40]. 
To account for the potential influence of cognition, we con-
ducted MVMR analysis, adjusting for cognitive performance. 
Our analysis revealed that EA remains negatively associated 

Figure 2.  The forest plot of education’s effect on kidney disease using different MR methods. OR, odds ratio; CI, confidence interval; IVW, inverse variance 
weighted; MR, mendelian randomization; MR-PRESSO, mendelian randomization pleiotropy residual sum and outlier.
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with KD, regardless of whether cognition is adjusted for (p for 
IVW < 0.05) (Table S15).

Educational attainment was negatively associated with 
BMI, WHR, smoking heaviness, and SBP

Four causal mediators were selected from 24 risk factors 
through the screening process. Each standard deviation (SD) 
(4.2 years) higher in educational attainment was associated 
with lower BMI (β −0.29; 95% CI −0.35, −0.22), lower WHR (β 
−0.23; 95% CI −0.29, −0.18), lower SBP (β −0.13; 95% CI −0.17, 
−0.09), and lower smoking heaviness (β −0.34; 95% CI −0.43, 
−0.26) (Figure 3). There was no indication of pleiotropy accord-
ing to the MR-Egger model, although significant heterogeneity 
was found in four UVMR analyses (Table S3). Despite the fact 
that outlying IVs were detected by MR-PRESSO and Radial MR 
in all four analyses, there was no difference between the 
causal estimate before and after removing outliers (p for dis-
tortion test > 0.05) (Tables S4 and S12). The reverse directional 
UVMR analysis revealed that BMI, WHR, SBP and smoking 
heaviness had no causal effect on EA. The reason that BMI and 
SBP had a significant effect on EA in the IVW method might 
be due to horizontal pleiotropy (p for MR-Egger intercept < 
0.01) (Table S5). The bias caused by sample overlap was mini-
mal since type I error rate of four analyses were all lower than 
0.06 (Table S9). The causal association between EA and four 
mediators were further confirmed by using a GWAS which 
excluded UK biobank cohort (Table S10).

There is a harmful effect of BMI, and smoking heaviness 
on renal failure

In the UVMR analysis, each chosen mediator has shown a signif-
icant causal effect on KD. Each SD increase of genetically 

predicted BMI (OR 1.42; 95% CI 1.24, 1.64), WHR (OR 1.54; 95% CI 
1.06, 2.24); SBP (OR 1.30; 95% CI 1.08, 1.56), smoking heaviness 
(OR 1.28; 95% CI 1.11, 1.48) was associated with a greater risk of 
KD. The associations were validated by other MR methods (Tables 
S6 and S13). The F-statistics for BMI and smoking heaviness were 
greater than 10, whereas those for WHR and SBP were initially 
less than 10 but exceeded 10 after removing outlying SNPs 
(Table S13). Additionally, significant heterogeneity in the IVs was 
observed in the BMI and SBP analyses C. No pleiotropic outliers 
were detected in the MR-PRESSO model, but Radial MR identified 
some outliers in the BMI and SBP analyses. Despite this, the 
causal associations between these variables and KD remained sig-
nificant after removing the outliers (Table S13). Furthermore, no 
pleiotropy was observed in the MR-Egger analysis (Table S3).

In the MVMR model, the effect of BMI (OR 1.34; 95% CI 
1.15, 1.57) and smoking heaviness (OR 1.23; 95% CI 1.07, 1.47) 
was slightly attenuated after adjusting for EA, while SBP (OR 
1.31; 95% CI 1.08, 1.59) remained constant compared to the 
unadjusted model. While, a greater causal effect was observed 
in WHR (OR 1.77; 95% CI 1.27, 2.47) after the adjustment for 
EA. The MR-Egger’s result in the sensitivity analysis confirmed 
the association. There was no evidence of pleiotropy in all four 
MVMR analyses, while heterogeneity only remained significant 
in the analysis of BMI (Table S7). However, the causal associa-
tions between WHR and KD, as well as between SBP and KD, 
were no longer significant after adjusting for an alternative EA 
GWAS. As a result, both were excluded from the subsequent 
mediating proportion analysis (Table S11).

BMI and smoking heaviness mediated the protective effect 
of EA on KD

The proportion of the mediation effect of each individual risk 
factor is shown in Figure 3. Among the two selected 

Figure 3.  (a) The forest plot of educational attainment’s effect on each mediator. (b) The forest plot of each mediator’s effect on KD after adjusting for 
education. (c) The forest plot of the indirect effect of each mediator and the mediated proportion of each mediator. OR, odds ratio; CI, confidence interval; 
EA, educational attainment; KD, kidney disease; BMI, body mass index.
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mediators, BMI accounted for the largest proportion, explain-
ing 21.8% (95% CI: 9.6%, 34.0%) of the total effect of EA on 
KD. Smoking heaviness followed, explaining 18.7% (95% CI: 
5.5%, 32.0%) of the total effect. Although significant media-
tion effects were observed for each individual mediator, 
there was no evidence that the combination of two risk fac-
tors mediated a larger proportion of the total effect (Table S8).

Discussion

In this study, we took advantage of MR analysis method and 
summary-level GWAS data of large populations to evaluate 
the causal association between educational attainment and 
renal failure. We showed evidence that education played a 
protective role in renal failure and identified 2 causal media-
tors (BMI and smoking) from 24 risk factors, through which 
education exerted the protective effect. The study supports 
the notion that education may reduce the risk of renal failure 
by reducing BMI and smoking heaviness.

Education is a dependable indicator of socioeconomic sta-
tus [9], and educational attainment is an adjustable and 
affective element that influences the individual’s economic 
position, ability to access social resources, and development 
of healthy lifestyles throughout their lifetime [41]. It is chal-
lenging to explore the causal effect between EA and KD, 
since KD is typically developed long after the completion of 
schooling and there are many confounding factors through-
out the development of KD. However, as educational level is 
a genetically traceable trait, it has been proposed that MR 
can reveal the causal relationships between educational level 
and complicated diseases [42], in which method is less sus-
ceptible to confounders that are common in traditional 
observational studies.

Our study indicated that each increase (4.2 years) of 
genetically predicted educational attainment reduced approx-
imately 32% risk of renal failure, which was generally consis-
tent with the previous findings obtained from observational 
studies showing that educational attainment was negatively 
associated with CKD [10], and lower educational attainment 
could increase the incidence of CKD, the risk of ESRD as well 
as lower eGFR and adverse health outcomes in CKD individ-
uals [8,43–46]. Recent MR analyses also showed similar results 
that educational attainment displayed a negative effect on 
CKD [17]. Therefore, our findings revealed that developing 
public policies and reducing educational inequality should 
be taken into account to reduce the incidence of KD and 
alleviate the burden of KD -associated diseases.

We identified two mediators from 24 risk factors for KD 
and its related diseases based on published literature. Ranked 
by the proportion of mediation, BMI accounted for the larg-
est share (21.8%), followed by smoking heaviness (18.7%). 
These findings were generally consistent with a recent obser-
vational study, which considered WHR, BMI, hypertension, 
and smoking as potential mediators of the association 
between educational attainment and CKD [10]. Allele score–
based MR was also used to find similar possible mediators in 
another MR study [17]. Identifying these mediators not only 

helps to clarify the mechanism of educational attainment’s 
protective effect on KD but also provides fresh insight toward 
clinically reducing the risk of KD. Some of these mediators 
are conventional risk factors, presenting practical targets that 
can be modified and attained, unlike EA, which is already 
completed when most individuals encounter the risk of renal 
failure. The proliferation and hypertrophy of mesangial cells 
as well as sensitizing the kidney to ischemic insults due to 
smoking [47,48] and inflammation and endothelial dysfunc-
tion because of obesity and hypertension [49] may partially 
explain their mediation effect in the pathway to KD. Our 
results of mediation analysis suggest that policies in public 
health to reduce obesity, and smoking might have wide-
spread benefits on the incidence of KD which causes a huge 
social and economic burden.

Limitations of the study

There are some limitations in our study: Firstly, The GWAS data 
utilized in this study is based on individuals of European 
ancestry, meaning that the findings should be cautiously 
applied to populations of other ethnic backgrounds. The effect 
of EA on KD may differ across ethnic groups, as the risk of 
developing kidney diseases varies by race. For instance, one 
study found that blacks with eGFRcreat >60 mL/min per 
1.73 m2 at baseline exhibited a more rapid decline in kidney 
function than whites, even after adjusting for various potential 
confounders [50]. This observation highlights the need to con-
sider ethnic differences when assessing kidney disease risk. 
Genetic differences between populations can result in distinct 
responses to environmental and genetic factors that influence 
KD. For example, pathogenic mutations in genes such as 
APOL1 and UMOD, which are associated with the onset of 
CKD, occur at varying frequencies across different ethnic 
groups, contributing to the disparities in kidney disease risk 
[51,52]. As such, the MR results in this study are specifically 
relevant to European ancestry populations, and their applica-
bility to other populations should be carefully considered.

Secondly, although we identified two mediators and 
attempted to estimate their combined effect, a substantial por-
tion (78%) of the protective association remained unexplained. 
This suggests that additional factors contribute to the relation-
ship between EA and KD risk. Some plausible mediators, such 
as healthcare access and area poverty, were not assessed in this 
study, as they are not heritable traits and thus unsuitable for 
MR analysis [53]. Other potential mediators, such as alcohol con-
sumption and physical inactivity—both known risk factors for 
kidney disease—were excluded during the screening process. 
However, this does not necessarily mean they do not mediate 
the protective effect of education on KD. Their exclusion may 
instead be attributed to limitations in existing GWAS data, such 
as insufficient sample sizes or imprecise measurements. For 
instance, alcohol intake frequency, only accounts for how often 
an individual drinks but does not capture the quantity con-
sumed per occasion. This crude measurement may partly 
explain why alcohol consumption was not identified as a medi-
ator in our analysis. Thus, higher education may exert its 

https://doi.org/10.1080/0886022X.2025.2476051
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protective effect on KD through additional pathways that 
remain unaccounted for. Future research should aim to refine 
the measurement of potential mediators and explore alternative 
mechanisms to further elucidate the protective role of educa-
tion in kidney health

Finally, although we used a validation GWAS in the sensi-
tivity analysis to confirm the accuracy of the causal associa-
tions between EA and mediators, as well as between mediators 
and KD, potential sample overlap between GWAS studies 
could still impact MR estimates. In such cases, the MR results 
may become more similar to those from observational studies, 
which could undermine the reliability of causal inference in 
the main analysis [39]. To assess this potential bias, we calcu-
lated the proportion of sample overlap and the type I error 
rate. Our calculations showed that the bias was minimal and 
did not significantly affect the results, indicating that sample 
overlap had no substantial impact on our findings.

Conclusions

In conclusion, this MR study provided evidence that there 
was a causal protective effect of educational attainment on 
renal failure, and two modifiable risk factors BMI, and SBP 
were identified as mediators that mediate the protective 
effect. These results provide the basis for interventions on 
these risk factors at a population level to reduce the KD risk.
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