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Abstract 

Aims: Obesity and kidney diseases are common complex disorders with an increasing clinical 

and economic impact on healthcare around the globe. Our objective was to examine if 

modifiable anthropometric obesity indices show putatively causal association with kidney 

health and disease and highlight biological mechanisms of potential relevance to the 

association between obesity and the kidney. 

Methods and results: We performed observational, one-sample, two-sample Mendelian 

randomisation (MR) and multivariable MR studies in approximately 300,000 participants of 

white-British ancestry from UK Biobank and participants of predominantly European ancestry 

from genome-wide association studies. The MR analyses revealed that increasing values of 

genetically predicted body mass index (BMI) and waist circumference (WC) were causally 

associated with biochemical indices of renal function, kidney health index (a composite renal 

outcome derived from blood biochemistry, urine analysis, and International Classification of 

Disease-based kidney disease diagnoses) and both acute and chronic kidney diseases of 

different aetiologies including hypertensive renal disease and diabetic nephropathy. 

Approximately 13-16% and 21-26% of the potentially causal effect of obesity indices on kidney 

health were mediated by blood pressure and type 2 diabetes, respectively. A total of 61 

pathways mapping primarily onto transcriptional/translational regulation, innate and adaptive 

immunity, extracellular matrix and metabolism were associated with obesity measures in gene 

set enrichment analysis in up to 467 kidney transcriptomes.  

Conclusions: Our data show that a putatively causal association of obesity with renal health 

is largely independent of blood pressure and type 2 diabetes and uncover the signatures of 

obesity on the transcriptome of human kidney. 

Translational Perspective: These findings indicate that obesity is causally linked to indices 

of renal health and the risk of different kidney diseases. This evidence substantiates the value 

of weight loss as a strategy of preventing and/or counteracting a decline in kidney health as 

well as decreasing the risk of renal disease.   
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Introduction 

Chronic kidney disease (CKD) affects more than 10% of adults worldwide and is predicted to 

become a global threat to public health.1 Interventions with reliable evidence for effectiveness 

in preventing CKD and/or slowing the progression of CKD are limited. Amongst the potentially 

safest to implement, cheapest to introduce and generally accepted by both patients and 

clinicians are health behaviours/lifestyle modifications such as weight loss. Such lifestyle 

modifications are usually recommended as first-line interventions in primary/secondary 

prevention of cardiovascular disease (CVD)2 and in the management of patients with CKD.3 

However, it is not clear to what extent modifiable health behaviours are effective in improving 

clinical indices of kidney health i.e. in slowing the decline in estimated glomerular filtration rate 

(eGFR). For example, NICE guidelines recommend maintaining a healthy weight since it is a 

safe “healthy life” strategy rather than due to its nephro-protective effects.3  

A number of previous investigations reported associations between increasing 

adiposity/obesity and a decline in kidney function or the increased risk of kidney diseases.4–10 

However, it is not clear to what extent these associations reflect causality i.e. a cause and 

effect relationship between obesity and renal health/disease. This is of considerable relevance 

to clinical management given that only health behaviours with evidence of causal effects on 

disease (and/or its defining traits) are likely to succeed in effective prevention and treatment.11 

In contrast, interventions targeting factors external to the disease-related causal pathways 

often fail to deliver the expected clinical outcomes.12  

Mendelian randomisation (MR) has emerged as a genetic epidemiological approach that 

enables causal inference (analogous to a natural randomised controlled trial – RCT) and a 

powerful alternative and/or complement to the conventional RCT.12 A recent review by 

Friedman et al.13 summarized the evidence from RCTs assessing the effect of weight loss 

interventions on micro-/macro-albuminuria, changes in eGFR and/or serum creatinine. Some 

of these studies demonstrated an improvement in renal outcomes with weight reduction;14–19 

while others demonstrated no effect.20,21 Conducting RCTs is generally very expensive, 

logistically challenging, risky (as the intervention may not demonstrate clinical efficacy), time-
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consuming and under certain circumstances – may not be free of clinical hazards.22 In 

contrast, MR does not require the resources or time consumed by RCT, is safe and generally 

robust.23,24 It relies on randomly assigned (at meiosis) genetic variants as proxies (or 

instruments) for an exposure (e.g. a modifiable lifestyle factor) to examine its putative causal 

effect on a clinical outcome. Compared to findings from observational studies, those from MR 

are less susceptible to bias from many sources of unmeasured confounding and reverse 

causality.25,26 MR has been increasingly applied to exposures/outcomes of direct relevance to 

clinical nephrology. For example, previous MR-based investigations uncovered causality 

signals to or from renal phenotypes, e.g. an effect of eGFR on diastolic blood pressure (DBP) 

and risk of nephrolithiasis,27 the causal connection between higher BP and the risk of 

microalbuminuria,28 as well as hypertensive renal disease and CKD.29 Most recently, based 

on studies embedded largely in one-sample MR, Censin et al.30 and Zhu et al.31 showed that 

increasing values of BMI/waist-hip ratio were associated with increased risk of renal 

failure/CKD.  

Herein, using both one-sample and complementary two-sample MR analyses we have shown 

that obesity-related traits show potentially causally association with many different dimensions 

of kidney heath and disease – from physiological measures of kidney function to kidney 

diseases of several aetiologies. Furthermore, through analysis of the largest collection of renal 

gene expression profiles characterised by RNA-sequencing24,27,29,32–35 we characterised how 

increasing values of obesity measures translate into changes in molecular pathways and 

biological themes operating in the kidney. Finally, through exploitation of information derived 

from kidney transcriptome we provide important biological context to statistical findings on 

hypertension and diabetes as potential mediators of causal associations between obesity and 

renal health/disease contemplated in this and other publications.13,31 

 

Condensed methods 
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An overview of our strategy and undertaken analyses are shown in Figure1A and TableS1. 

Full details of Methods are provided in supplementary material (Supplement). If not specified 

otherwise, all the statistical analyses were performed using R (version 3.6.2). 

  

UK Biobank – key phenotypes  

UK Biobank is a population-based resource on 487,395 individuals with a wide range of clinical 

data linked to genetic information. From this dataset we extracted information on the two most 

common anthropometric measures of obesity [BMI and waist circumference (WC)] and four 

measures of kidney function (Figure1A) in 337,422 individuals of European ancestry. In brief, 

we used information on blood urea nitrogen (BUN) and three measures of eGFR derived from: 

serum creatinine (eGFRcrea), cystatin C (eGFRcys) and both creatinine and cystatin C 

(eGFRcreacys). The number of individuals with informative values of eGFRcrea, eGFRcys, 

eGFRcreacys, and BUN was 304,800, 303,373, 317,425 and 314,731, respectively. We 

further generated the kidney health index – a novel composite renal phenotype integrating all 

available serum measures of kidney function (eGFRcrea, eGFRcys, eGFRcrea and BUN), a 

urinary bio-marker of kidney damage [albumin-to-creatinine ratio (uACR)] and the International 

Classification of Disease (ICD)-derived information on the history of kidney disease from 

Hospital Episodes Statistics (FigureS1)36. A total of 217,289 individuals satisfied the criteria of 

optimal kidney health index and were defined as having optimal kidney health. The remaining 

84,657 individuals did not meet at least one of the criteria of the kidney health index and were 

defined as not having optimal kidney health. 

 

Observational analysis in UK Biobank 

To characterise the observational association between directly measured BMI/WC and 

quantitative serum bio-markers of kidney function (eGFRcrea, eGFRcys, eGFRcreacys, and 

BUN) we used linear regression. We applied logistic regression to examine the association 

between BMI/WC and the binary kidney health index. All these regression models were 

adjusted for age, age2 and sex, assessment centre and Townsend Deprivation Index.  
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We selected all binary traits with a number of cases > 100 from self-reported data and ICD10-

derived diagnoses available in UK Biobank (TableS2). These traits were further grouped into 

22 clinical categories (TableS2). We explored the association between kidney health index 

(as an independent variable) and 403 binary traits (as a dependent variable) through logistic 

regression (with age, age2, sex, assessment centre and Townsend Deprivation Index as 

covariates). We calculated a correction for multiple testing using the false discovery rate (FDR) 

– findings with FDR<0·05 were considered statistically significant. 

 

Selection of genetic instruments 

To build genetic instruments and generate genetic scores for BMI and WC we followed the 

strategy from a previous study.37 In brief, we used 72 and 43 instruments from SNPs 

associated with BMI and WC, respectively, in GWAS conducted in 339,224 and 224,459 

individuals of European ancestry independent of UK Biobank by GIANT Consortium38,39 and 

validated in previous MR analysis.37 To minimise the risk that potential causality signals from 

BMI/WC to kidney phenotypes may reflect an effect on metabolism of creatinine/cystatin 

C/BUN rather than renal function, we further re-evaluated the associations by excluding SNPs 

within a distance of 500 Kbp of genes recognised for their roles in the metabolism of these 

blood biomarkers (TableS3). We further re-examined our MR models excluding instruments 

showing residual associations with smoking and educational attainment in PheLiGe40 

(TableS4). To examine if the effect of obesity on kidney-related traits was mediated by BP or 

diabetes, we further derived instruments/genetic scores for systolic blood pressure (SBP), 

DBP, type 2 diabetes (T2D). In the absence of summary statistics for BMI-unadjusted BP from 

previously published GWAS we applied a block jack-knife weighting approach41 to perform 

GWAS on SBP/DBP in UK Biobank. For T2D we used the summary statistics from largest 

available GWAS conducted in individuals of European ancestry42 that were not BMI-adjusted 

and independent of UK Biobank. 

 

One-sample MR in UK Biobank 
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We applied one-sample MR [two-stage least square approach (2SLS)43]  with externally-

derived genetic scores of BMI, WC, SBP, DBP and T2D as an instrument, measured BMI, WC, 

SBP, DBP and T2D as an exposure, kidney function (i.e. eGFRcrea, eGFRcys, eGFRcreacys 

and BUN), kidney health index, ICD-informed kidney diagnoses (CKD, hypertensive renal 

disease, renal failure, acute renal failure or other disorders of kidney and ureters, where 

appropriate) as an outcome (Figure1A). Age, age2, sex, genotyping array, and first 10 genetic 

principal components were used as covariates. We calculated a correction for multiple testing 

at each experiment level using FDR – findings with FDR<0·05 were considered statistically 

significant.  

 

Two-sample MR 

We conducted two-sample MR using four different models [inverse variance weighted (IVW) 

regression, weighted median, RadialMR and MRPRESSO]44–46 to: (i) replicate the estimated 

causal effects of both obesity indices (as exposures) on biochemical parameters of kidney 

function; (ii) further investigate potentially causal effects of obesity on kidney diseases (CKD, 

IgA nephropathy and diabetic nephropathy) (Figure1A); (iii) validate causal effects of BMI and 

WC on kidney health index in a sensitivity analysis and (iv) explore the existence of reverse 

causality (i.e. causal effects from eGFRcys, BUN and kidney health index on obesity indices) 

(Figure1A). Weighted median, RadialMR and MRPRESSO were chosen to minimise any 

potential bias arising from horizontal pleiotropy.47 To further quantify the magnitude of 

horizontal pleiotropy we employed MR-Egger intercept test.44 Summary statistics for 

exposures and outcomes, and the selection of genetic instruments were derived from UK 

Biobank, CKDGen Consortium48 and other previous GWAS.38,39,49,50 To correct for multiple 

testing we calculated FDR at the experiment-wide level. Causal effect estimates from at least 

three of the four MR methods significant after the correction for multiple testing (FDR<0·05) 

and no evidence of horizontal pleiotropy (FDR>0·05) were set as a criterion of evidence for 

causality. RadialMR and MRPRESSO were performed using R packages RadialMR (version 
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0.4) and MRPRESSO (version 1.0) respectively. IVW, weighted median and MR-Egger 

intercept test were implemented in the R package MendelianRandomization (version 0.4.2). 

 

One-sample multivariable MR analysis 

We conducted multivariable MR (MVMR) with BMI, WC, SBP, DBP and T2D as exposures 

and kidney health index as the outcome using a 2SLS approach.51 In brief, MVMR estimations 

measure the direct effect of each exposure on the outcome adjusted for the other exposures 

included in the model. We examined several separate combinations of BMI/WC with 

SBP/DBP/T2D, with the genetic scores associated with all exposures included in the derivation 

of predicted estimates. The proportion of effect mediated by mediators (i.e. T2D only, BP only 

or T2D and BP together) was derived by dividing the indirect effect by the total effect, with 

standard error estimated using bootstrapping.52 Age, age2, sex, genotyping array, and first 10 

genetic principal components were used as covariates. We calculated a correction for multiple 

testing using FDR – findings with FDR<0·05 were considered statistically significant. 

 

Kidney transcriptome profiling and pathway analyses 

We collected demographic and clinical information matching data on up to 467 human kidney 

tissue samples (TableS5) drawn from five studies of the Human Renal Tissue 

Resource.24,29,32–35 The tissue samples were taken either from the unaffected pole of the 

kidneys surgically removed due to cancer or from pre-implementation biopsies conducted prior 

to kidney transplantation.34 Gene expression was quantified in units of transcripts per million 

(TPM) by kallisto53 from poly-A selected Illumina libraries (mean: 32 million paired reads per 

sample). Our quality control process selected 22,127 renal genes for further analysis — their 

expression values were log-transformed, normalised by the robust quantile method and 

standardised by the rank-based inverse normal transformation as previously reported.34 BMI 

was calculated based on weight and height as reported before.34 WC was measured using a 

measuring tape placed around the trunk at the midline level. Hypertension was defined as BP 
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values ≥140/90 mmHg on at least two separate occasions32,34 and/or being on 

pharmacological antihypertensive treatment or collected from hospital documentation by the 

recruitment team.34 Diabetes was defined as either a self-reported history of diabetes and/or 

being on hypoglycaemic medications or was reported in hospital documentation at the time of 

recruitment.24,34 We applied Gene set enrichment analysis (GSEA, 

www.bioconductor.org/packages/release/bioc/html/fgsea.html) for the “canonical pathways” 

collection from the molecular signatures database (v7.2, www.gsea-msigdb.org) to identify 

pathways associated with either BMI or WC. The analysis was conducted separately for each 

of the phenotypes after adjustment for age, sex, study, 3 genetic principal components,29 

sequencing batch and either 30 (BMI) or 33 (WC) surrogate variables.34,54 Pathways showing 

significant (adjusted level of statistical significance after correction for multiple testing) 

association with BMI and WC were combined and mapped onto biological themes based on 

the pathway identity and leading edge genes in line with previously reported strategy.55 We 

then added either hypertension or diabetes as individual covariates to the GSEA models and 

examined the effect of this adjustment on the number and identify of the pathways in the 

original output. The original pathways retaining their directionally consistent (based on 

normalised enrichment statistic) significant association with BMI or WC after adjusting for 

hypertension or diabetes were deemed as independent of hypertension and diabetes 

(respectively) while those whose association was no longer statistically significant after the 

adjustment were interpreted as being mediated specifically either by hypertension or diabetes. 

 

Ethical compliance 

The studies adhered to the Declaration of Helsinki and were approved/ratified by the Bioethics 

Committee of the Medical University of Silesia (Katowice, Poland), the Bioethics Committee 

of Karol Marcinkowski Medical University (Poznan, Poland), the Ethics Committee of the 

University of Leicester (Leicester, UK), the University of Manchester Research Ethics 

Committee (Manchester, UK) and the National Research Ethics Service Committee North 

West (Manchester, UK). Informed, written consents were obtained from all individuals 
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recruited (for the deceased donors, the consent was obtained in line with the local governance; 

for example, from the family members). 

 

Results 

Measures of general and abdominal obesity are causally associated with biochemical 

parameters of kidney function 

We first used data from up to 337,422 UK Biobank individuals of European ancestry (TableS6) 

to examine how BMI and WC relate to serum parameters of kidney function (eGFRcrea, 

eGFRcys, eGFRcreacys, BUN) (Figure1A). Both directly measured obesity indices showed 

significant associations with each renal phenotype in the observational analysis, even after a 

correction for multiple testing (FigureS2-S3). Using genetically predicted information for BMI 

and WC in one-sample MR, we detected causal relationships of both obesity measures with 

three indices of kidney function (eGFRcys, eGFRcreacys and BUN) consistent with increasing 

obesity translating into poorer kidney function (FigureS2-S3). For example, each 5 kg/m2 

genetically predicted higher BMI was causally related to -0.041 (95%CI: -0.047- -0·037; 

P=5·96×10-59) and -0.02 (95%CI: -0.023- -0·015; P=1·78×10-21) unit change in log-

transformed eGFRcys and eGFRcreacys and 0.022 (95%CI: 0.015-0·028; P=2·01×10-10) unit 

change in log-transformed BUN. We then replicated a directionally consistent effect of BMI 

and WC on eGFRcys and BUN using CKDGen Consortium summary statistics (TableS7, 

FigureS2, FigureS4). Further sensitivity analyses confirmed that association estimates 

between obesity measures and measures of kidney function remained largely unaffected by 

inclusion/exclusion of genetic variants mapping onto genes related to metabolism of 

creatinine/cystatin C/BUN (TableS3) and that there is no evidence for bidirectional causality 

between obesity measures and kidney function (TableS8). Collectively, these results show a 

consistent and potentially causal association between higher BMI and WC and kidney function 

across different MR models and in independent datasets. 
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Obesity measures show a causal inverse association with kidney health index 

Mindful of the potential limitation of using circulating concentrations of specific biomarkers as 

a marker of kidney function in Mendelian randomisation (MR),56 we generated a “kidney health 

index” as a composite binary phenotype derived from the blood and urine biochemistry 

combined with available clinical information in UK Biobank36 (Figure1A, FigureS1, Supplement 

methods). The index is using “health” rather than “disease” as a reference. To this end and as 

expected, those with optimal kidney health index (corresponding to “healthy” kidneys) were 

associated with favourable renal profile across different serum bio-markers (eGFRcrea, 

eGFRcys, eGFRcreacys, BUN) and uACR when compared to the remaining individuals 

(TableS9). In observational analysis, both BMI and WC were inversely related to the kidney 

health index (TableS10, FigureS2). Further analysis of 403 binary traits in UK Biobank 

revealed strong associations between kidney health index and phenotypes expected to 

correlate with measures of kidney health and disease (e.g. kidney and urinary tract-related 

traits, cardiovascular disease, hypertension, diabetes and metabolic diseases) (Figure1B, 

TableS11). Indeed, the directions of these associations were consistent with reduced odds of 

these disorders in those with optimal health index category. We then combined GIANT 

consortium-derived BMI and WC genetic scores and the kidney health index as an outcome 

in one-sample MR. This analysis revealed that each 5 kg/m2 genetically predicted higher BMI 

and 10 cm genetically predicted higher WC were causally associated with decreased odds of 

kidney health index by 15% and 14% (OR=0·85; 95%CI: 0·79-0·91; P=9·18×10-6 for BMI and 

OR=0·86; 95%CI: 0·81-0·92; P=2·12×10-5 for WC, respectively) (TableS10). We then 

conducted several sensitivity analyses. Mindful of the potential limitations of genetic risk 

scores constructed based on previous GWAS of obesity traits30,31,37 and biomarker metabolism 

related instruments56 we examined the effect of BMI and WC on kidney health index after 

exclusion of SNPs showing associations with smoking and education in PheLiGe40 or those 

related directly to genes metabolically or mechanistically involved in BUN, creatinine and 

cystatin C metabolism.56 These sensitivity analyses confirmed statistically significant 

putatively causal associations of both anthropometric measures of obesity with kidney health 
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index (TableS12-S13). Finally, we employed two-sample MR tests with GIANT-derived 

genetic instruments for BMI and WC (as exposures) and the summary statistics from our de 

novo GWAS of kidney health index (as an outcome) in UK Biobank. These analyses confirmed 

the findings from one-sample MR (PBMI_IVW=2·27×10-5 and PWC_IVW=1·54×10-4) (TableS10, 

FigureS2) and showed no evidence for bidirectional causality between obesity measures and 

kidney health index (TableS14).  Taken together, these results suggest that obesity measures 

may have a potentially causal inverse effect on the kidney health index. 

 

BMI and waist circumference are causally related to increased risk of different kidney 

diseases  

We then sought to investigate if BMI/WC were causally related to clinically confirmed kidney 

outcomes using both one-sample and two-sample MR studies (Figure1A). Using GIANT 

Consortium-derived genetic scores for BMI and WC and ICD10-derived diagnoses from 

Hospital Episodes Statistics we first conducted a series of one-sample MR in UK Biobank. We 

detected a causal relationship between obesity measures and four out of five kidney 

diagnoses – each 5 kg/m2 genetically predicted higher BMI and/or each 10 cm genetically 

predicted higher WC increased the risk of hypertensive renal disease (OR=1·89; 95%CI: 1·15-

3·09; P=1·15×10-2 for BMI and OR=1·94; 95%CI: 1·22-3·08; P=5·03×10-3 for WC), renal 

failure (OR=1·57; 95%CI: 1·27-1·94; P=2·60×10-5 for BMI and OR=1·59; 95%CI: 1·31-1·94; 

P=4·16×10-6 for WC) and CKD (OR=1·56; 95%CI: 1·17-2·08; P=2·44×10-3 for BMI and 

OR=1·58; 95%CI: 1·21-2·07; P=9·49×10-4 for WC) (TableS15, FigureS2). We then used two-

sample MR using GWAS summary statistics of three kidney outcomes (CKD, IgA nephropathy 

and diabetic nephropathy) from populations independent to UK Biobank. These analyses 

replicated a causal effect of obesity on CKD (ORivw=1·18; 95%CI: 1·05-1·33; P=6·07×10-3 for 

BMI and ORivw=1·13; 95%CI: 1·002-1·284; P=4·66×10-2 for WC) and uncovered a causal 

relationship between BMI and diabetic nephropathy (ORivw=2·03; 95%CI: 1·49-2·77; 

P=6·80×10-6) (TableS16, FigureS2). Collectively, these data show that obesity increases the 

risk of acute and chronic kidney disease of several aetiologies. 
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The causal association between obesity measures on kidney health index is largely 

independent of blood pressure and type 2 diabetes 

Elevated BP and diabetes have been proposed as the most likely biological mediators of the 

association between obesity and the risk of kidney disease.57,58 Therefore, we examined 

whether SBP, DBP and T2D are causally related to the kidney health index in UK Biobank 

(Figure1A, TableS17-S18). SBP, DBP and T2D showed potentially causal association with 

kidney health index in the expected (inverse) direction (PSBP=6·26×10-6, PDBP=1·69×10-2, and 

PT2D=6.13×10-11 respectively) (TableS17-S18). Using one-sample multivariable Mendelian 

randomisation51 we then explored the extent to which the detected signals of potential 

causality between BMI/WC and kidney health index were mediated by BP and T2D. These 

analyses revealed that 13-16% of the potentially causal effect of obesity parameters on kidney 

health were mediated by BP and 21-26% - by T2D (TableS19). SBP or DBP and T2D jointly 

accounted for 26-34% proportion of causal association of BMI/WC and kidney health index 

(TableS17-S20). Collectively, these data suggest that potentially causal negative effect of 

obesity on kidney health is only partly mediated by BP and T2D.  

 

Kidney pathways and biological themes associated with BMI and waist circumference 

– insights from gene set enrichment analysis of 467 kidney transcriptome 

To gain insights into potential biological mechanisms underpinning the associations between 

obesity and the kidney we have conducted BMI/WC-based gene set enrichment (GSEA) 

analysis of up to 467 renal transcriptomes characterised by RNA-sequencing, as reported 

before.24,29,33 We identified a total of 61 pathways mapping predominantly onto transcriptional 

and translational regulation, innate and adaptive immunity, extracellular matrix remodelling 

and different dimensions of human metabolism (TableS21, Figure1C). The pattern of renal 

gene expression emerging from BMI/WC-based GSEA was consistent with up-regulation of B 

cells, complement system and nuclear factor κB response, and increased pro-fibrotic 

signalling (i.e. through components of extracellular matrix) accompanied by alterations in 
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pathways involved in sodium (i.e. epithelial sodium channels — ENaCs), creatinine and urate 

homeostasis (e.g. organic cation/anion zwitterion transporters) as well as signalling cascades 

operating at the intersection of metabolism and structural kidney injury (i.e. fatty acid uptake 

and accumulation regulators). (TableS21, Figure1C). Taking advantage of the availability of 

clinical information matching the kidney transcriptomes, we adjusted the baseline GSEA 

analysis for either hypertension or diabetes and compared the extent to which each of these 

adjustments will attenuate the associations with BMI and WC. These adjusted analyses 

revealed that 54 (89%) pathways showing association with obesity measures in the 

unadjusted analysis retained their statistical significance after adjustment for either 

hypertension or diabetes (TableS21). 

 

Discussion 

Our results demonstrate putatively causal association of obesity with kidney health and 

disease, irrespective of the type of MR experiment (one-sample or two-sample) or MR 

modalities applied and across different biochemical parameters of kidney function as well as 

a wide spectrum of kidney health/disease. Our analyses also suggest that the potentially 

causal relationship between indices of obesity and kidney health is largely independent of BP 

and T2D. Finally, through analysis of up to 467 renal tissue samples with matching clinical 

data we uncover identity of 61 biological pathways – signatures of obesity on the transcriptome 

of the human kidney.  

The association between BMI and/or WC and different measures of kidney health and disease 

have been reported before in observational (both cross-sectional and longitudinal) studies – 

increasing obesity correlates with increased incidence of CKD,4–7 end-stage renal disease8 

and a drop in eGFR calculated based on serum levels of creatinine9  or cystatin C.5 The results 

from our initial observational analysis of >300,000 individuals are fully consistent with these 

findings. However, due to inherent limitations of observational analyses (including 

confounding and reverse causality)26 these data cannot provide insights into causal 

contributions of obesity indices to eGFR and as such are not sufficient to inform i.e. effective 
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preventive strategies. To this end, the MR-derived findings showing putatively causal 

associations of higher BMI and WC with a decline in kidney function are an important piece of 

evidence in favour of a potential utility of preventative interventions targeting BMI and/or WC 

to improve eGFR in individuals largely unaffected by CKD (in whom the relevance of obesity 

to kidney function is possibly most apparent).5,10 Both routine engagement in moderate-

intensity regular physical exercise and different dietary interventions have been shown to 

achieve clinically relevant changes in both WC and BMI.59 In this context, our data suggest 

that non-pharmacological strategies promoting weight loss may have potentially nephro-

protective effects. 

We examined SBP, DBP and T2D, as potential mediators of the effect of obesity on kidney 

health given the established role of both diabetes and hypertension in the development of 

CKD.60,61 Indeed, both diabetes and hypertension showed strong association with the kidney 

health index in our observational analysis across a wide range of clinical phenotypes in UK 

Biobank. The potentially causal association between higher BP/T2D and lower odds of healthy 

kidneys revealed by our MR analyses lends further support to the notion that poorly controlled 

hypertension62 and derangement in glycaemic control63 are both detrimental to the kidney 

function and structure. Our data suggest that only a small to moderate proportion of the effect 

of obesity on kidney health is accounted for by blood pressure and T2D. The recent 

investigation by Zhu et al.31 also showed that BP and T2D could not fully explain the effect of 

obesity measures on kidney disease but the estimates for mediating effect of BP and T2D 

diabetes on CKD were more substantial, possibly due to the differences in statistical approach 

and definition of the outcomes between the studies. Irrespective of the strategy applied to 

quantification of the mediating effect of hypertension/T2D between Zhu et al.31 and our study, 

even jointly high BP and diabetes are unlikely to fully explain the detrimental effect of obesity 

on kidney health as well as the risk of kidney diseases. To this end, several other 

BP/glycaemia-independent mechanisms have been contemplated as potential contributors to 

nephron injury in obesity.13,63,64 In search of biological pathways, themes and putative 

mechanisms underpinning the connection between human obesity and the kidney, we 
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explored one of the largest collections of kidney transcriptomes with matching clinical 

information24,27,29,32–35 and uncovered enrichment of BMI/WC for innate and adaptive immunity, 

extracellular matrix remodelling and different dimensions of human metabolism with relatively 

modest presence of pathways with strong prior relevance to BP regulation or diabetes. 

Amongst those few known for their role in hypertension was a pathway driven by EnaC genes, 

(i.e. SCNN1B and SCNN1G) – molecular targets for a blood pressure lowering agent 

(amiloride).65 Up-regulation on these genes on the surface of tubular epithelium is indeed a 

feature of high BP accompanied by obesity.66 In a similar vein, few pathways associated with 

BMI and/or WC were led by genes known for their role in insulin resistance and diabetes (i.e. 

fatty acid metabolism genes).67 Reassuringly, while in numerical minority to other gene sets 

from GSEA outputs, the pathways with prior physiological connection to hypertension and 

diabetes emerged as the strongest putative molecular drivers of the mediating effect of T2D 

diabetes and hypertension in our statistical analyses. Collectively, these data illustrate renal 

pathways and themes associated with obesity and suggest that a majority of them do not map 

onto the most obvious molecular cascades of BP regulation and/or glucose and insulin 

metabolism. 

We appreciate that while we optimised our statistical pipeline to ensure the highest possible 

robustness of our genetic instruments [i.e. independently and strongly associated with obesity 

(linkage disequilibrium R2<0·01 and P<5×10-8) validated in the previous MR analysis37] and 

detected no strong evidence of horizontal pleiotropy or “bidirectional causality”68 some of the 

instruments may show residual association e.g. with smoking, as reported 

before.30,31  However, our further sensitivity analyses, e.g. those based on exclusion of such 

instruments from genetic scores confirmed the validity of our findings. We should also highlight 

interpretational limitations of potential causality signals to eGFR measured using specific 

biochemical biomarkers.69 For example, causal associations between obesity indices and 

eGFR have been postulated to reflect the effects of specific exposures on the metabolism of 

specific biomarkers used to estimate kidney function (such as creatinine, cystatin C or BUN) 

rather than glomerular filtration per se.69,70 However, a number of mitigation strategies (e.g. 
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using a range of different indices of kidney function generated using different serum 

biomarkers as outcomes, eliminating variants mapped to genes metabolically or 

mechanistically related to the biomarkers from the genetic instruments in sensitivity analyses) 

have been applied to ensure that the findings from our MR studies were robust to these 

limitations. Finally, we carried out MR studies using a composite kidney phenotype that 

integrates information not only from all available blood biochemistry but also - urine analysis 

and clinical records. The diversity of sources used to generate kidney health index increased 

immunity of this composite phenotype to bias arising from solitary sources of biochemical and 

clinical information and possibly make it more reflective of genuine kidney health than 

individual clinical and biochemical indices. Indeed, our observational analysis on correlating 

kidney health index with over 400 traits in UK Biobank suggests that it may capture information 

from a wide range of renal phenotypes. Nevertheless, future studies will be necessary to 

examine further its temporal associations with relevant clinical outcomes i.e. using time-to-

event strategies to define its potential diagnostic and predictive utility. 

In summary, our data from a set of statistically robust models embedded in the principles of 

causal inferences highlighted potentially casual inverse associations between two most 

common clinical indices of obesity and a range of kidney health and disease-related 

phenotypes. These findings suggest that obesity has a putatively negative effect on kidney 

health and increases the risk of different kidney disorders across a spectrum of different 

aetiologies. Consequently, interventions targeting obesity have a potential to improve kidney 

health at the population level. We anticipate that our findings will help to stimulate further 

research and drive the development of public health policies to improve kidney health and 

prevent kidney disease through encouraging weight loss. 

 
  

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvab357/6459170 by U

C
L, London user on 12 January 2022



 19 

Funding and Acknowledgements 

This work was supported by British Heart Foundation project grants PG/17/35/33001 and 

PG/19/16/34270 and Kidney Research UK grants RP_017_20180302 and 

RP_013_20190305 to MT. Access to UK Biobank data has been through approved project 

(46114). MVH works in a unit that receives funding from the UK Medical Research Council 

and is supported by a British Heart Foundation Intermediate Clinical Research Fellowship 

(FS/18/23/33512) and the National Institute for Health Research Oxford Biomedical Research 

Centre. TJG is supported by the European Research Council [ERC and InflammaTENSION; 

ERC-CoG-726318] and the National Centre for Research and Development of Poland (ERA-

Net-CVD PlaqueFIGHT). We acknowledge Investigators who contributed to Human Kidney 

Tissue resource in Supplement. 

 

Conflict of Interest 

MVH has collaborated with Boehringer Ingelheim in research, and in adherence to the 

University of Oxford’s Clinical Trial Service Unit & Epidemiological Studies Unit (CSTU) staff 

policy, did not accept personal honoraria or other payments from pharmaceutical companies. 

 

 

Author Contributions 

E.S., B.W., A.P.M., T.J.G., F.J.C., M.V.H and M.T. contributed to the study design. X.X., 

J.M.E., X.J, M.D., S.S., D.S. generated data and conducted the statistical and bioinformatic 

analyses. X.X., J.M.E. and M.T. drafted the manuscript. M.T. provided the overall 

supervision and funding for this project. All authors critically reviewed the manuscript. 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvab357/6459170 by U

C
L, London user on 12 January 2022



 20 

References 
 
1.  Eckardt K-U, Coresh J, Devuyst O, Johnson RJ, Köttgen A, Levey AS, Levin A. 

Evolving importance of kidney disease: from subspecialty to global health burden. The 

Lancet 2013;382:158–169.  

2.  Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M, Clement DL, 

Coca A, Simone G de, Dominiczak A, Kahan T, Mahfoud F, Redon J, Ruilope L, 

Zanchetti A, Kerins M, Kjeldsen SE, Kreutz R, Laurent S, Lip GYH, McManus R, 

Narkiewicz K, Ruschitzka F, Schmieder RE, Shlyakhto E, Tsioufis C, Aboyans V, 

Desormais I, De Backer G, Heagerty AM, et al. 2018 ESC/ESH Guidelines for the 

management of arterial hypertensionThe Task Force for the management of arterial 

hypertension of the European Society of Cardiology (ESC) and the European Society 

of Hypertension (ESH). Eur Heart J 2018;39:3021–3104.  

3.  Chronic kidney disease - NICE CKS. https://cks.nice.org.uk/chronic-kidney-

disease#!scenarioRecommendation:3 (21 May 2020) 

4.  Fox CS, Larson MG, Leip EP, Culleton B, Wilson PWF, Levy D. Predictors of new-

onset kidney disease in a community-based population. JAMA 2004;291:844–850.  

5.  Madero M, Katz R, Murphy R, Newman A, Patel K, Ix J, Peralta C, Satterfield S, Fried 

L, Shlipak M, Sarnak M. Comparison between Different Measures of Body Fat with 

Kidney Function Decline and Incident CKD. Clin J Am Soc Nephrol 2017;12:893–903.  

6.  Xu H, Kuja-Halkola R, Chen X, Magnusson PKE, Svensson P, Carrero J-J. Higher 

body mass index is associated with incident diabetes and chronic kidney disease 

independent of genetic confounding. Kidney Int 2019;95:1225–1233.  

7.  Kuma A, Uchino B, Ochiai Y, Kawashima M, Enta K, Tamura M, Otsuji Y, Kato A. 

Relationship between abdominal adiposity and incident chronic kidney disease in 

young- to middle-aged working men: a retrospective cohort study. Clin Exp Nephrol 

2019;23:76–84.  

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvab357/6459170 by U

C
L, London user on 12 January 2022



 21 

8.  Vivante A, Golan E, Tzur D, Leiba A, Tirosh A, Skorecki K, Calderon-Margalit R. Body 

mass index in 1.2 million adolescents and risk for end-stage renal disease. Arch Intern 

Med 2012;172:1644–1650.  

9.  Oh H, Quan SA, Jeong J-Y, Jang S-N, Lee JE, Kim D-H. Waist Circumference, Not 

Body Mass Index, Is Associated with Renal Function Decline in Korean Population: 

Hallym Aging Study. PLoS ONE 2013;8.  

10.  Chang AR, Grams ME, Ballew SH, Bilo H, Correa A, Evans M, Gutierrez OM, 

Hosseinpanah F, Iseki K, Kenealy T, Klein B, Kronenberg F, Lee BJ, Li Y, Miura K, 

Navaneethan SD, Roderick PJ, Valdivielso JM, Visseren FLJ, Zhang L, Gansevoort 

RT, Hallan SI, Levey AS, Matsushita K, Shalev V, Woodward M, CKD Prognosis 

Consortium (CKD-PC). Adiposity and risk of decline in glomerular filtration rate: meta-

analysis of individual participant data in a global consortium. BMJ 2019;364:k5301.  

11.  Roberts JD. Thyroid Function and the Risk of Atrial Fibrillation: Exploring Potentially 

Causal Relationships Through Mendelian Randomization. JAMA Cardiol 2019;4:97–99.  

12.  Cornish AJ, Tomlinson IPM, Houlston RS. Mendelian randomisation: A powerful and 

inexpensive method for identifying and excluding non-genetic risk factors for colorectal 

cancer. Mol Aspects Med 2019;69:41–47.  

13.  Friedman AN, Kaplan LM, Roux CW le, Schauer PR. Management of Obesity in Adults 

with CKD. J Am Soc Nephrol 2021;ASN.2020101472.  

14.  Tirosh A, Golan R, Harman-Boehm I, Henkin Y, Schwarzfuchs D, Rudich A, Kovsan J, 

Fiedler GM, Blüher M, Stumvoll M, Thiery J, Stampfer MJ, Shai I. Renal Function 

Following Three Distinct Weight Loss Dietary Strategies During 2 Years of a 

Randomized Controlled Trial. Diabetes Care 2013;36:2225–2232.  

15.  Goraya N, Simoni J, Jo C-H, Wesson DE. Treatment of metabolic acidosis in patients 

with stage 3 chronic kidney disease with fruits and vegetables or oral bicarbonate 

reduces urine angiotensinogen and preserves glomerular filtration rate. Kidney Int 

2014;86:1031–1038.  

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvab357/6459170 by U

C
L, London user on 12 January 2022



 22 

16.  Look AHEAD Research Group. Effect of a long-term behavioural weight loss 

intervention on nephropathy in overweight or obese adults with type 2 diabetes: a 

secondary analysis of the Look AHEAD randomised clinical trial. Lancet Diabetes 

Endocrinol 2014;2:801–809.  

17.  Mann JFE, Ørsted DD, Brown-Frandsen K, Marso SP, Poulter NR, Rasmussen S, 

Tornøe K, Zinman B, Buse JB. Liraglutide and Renal Outcomes in Type 2 Diabetes. N 

Engl J Med 2017;377:839–848.  

18.  Scirica BM, Bohula EA, Dwyer JP, Qamar A, Inzucchi SE, McGuire DK, Keech AC, 

Smith SR, Murphy SA, Im K, Leiter LA, Gupta M, Patel T, Miao W, Perdomo C, Bonaca 

MP, Ruff CT, Sabatine MS, Wiviott SD, CAMELLIA-TIMI 61 Steering Committee and 

Investigators. Lorcaserin and Renal Outcomes in Obese and Overweight Patients in 

the CAMELLIA-TIMI 61 Trial. Circulation 2019;139:366–375.  

19.  Cohen RV, Pereira TV, Aboud CM, Petry TBZ, Lopes Correa JL, Schiavon CA, 

Pompílio CE, Pechy FNQ, Costa Silva ACC da, Melo FLG de, Cunha da Silveira LP, 

Paris Caravatto PP de, Halpern H, Monteiro F de LJ, Costa Martins B da, Kuga R, 

Palumbo TMS, Docherty NG, Roux CW le. Effect of Gastric Bypass vs Best Medical 

Treatment on Early-Stage Chronic Kidney Disease in Patients With Type 2 Diabetes 

and Obesity: A Randomized Clinical Trial. JAMA Surg 2020;e200420.  

20.  Nicholson AS, Sklar M, Barnard ND, Gore S, Sullivan R, Browning S. Toward improved 

management of NIDDM: A randomized, controlled, pilot intervention using a lowfat, 

vegetarian diet. Prev Med 1999;29:87–91.  

21.  Howden EJ, Leano R, Petchey W, Coombes JS, Isbel NM, Marwick TH. Effects of 

exercise and lifestyle intervention on cardiovascular function in CKD. Clin J Am Soc 

Nephrol 2013;8:1494–1501.  

22.  Holmes MV, Ala-Korpela M, Smith GD. Mendelian randomization in cardiometabolic 

disease: challenges in evaluating causality. Nat Rev Cardiol 2017;14:577–590.  

23.  Holmes MV. Human Genetics and Drug Development. N Engl J Med 2019;380:1076–

1079.  

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvab357/6459170 by U

C
L, London user on 12 January 2022



 23 

24.  Rowland J, Akbarov A, Eales J, Xu X, Dormer JP, Guo H, Denniff M, Jiang X, Ranjzad 

P, Nazgiewicz A, Prestes PR, Antczak A, Szulinska M, Wise IA, Zukowska-

Szczechowska E, Bogdanski P, Woolf AS, Samani NJ, Charchar FJ, Tomaszewski M. 

Uncovering genetic mechanisms of kidney aging through transcriptomics, genomics, 

and epigenomics. Kidney Int 2019;95:624–635.  

25.  Davey Smith G, Ebrahim S. ‘Mendelian randomization’: can genetic epidemiology 

contribute to understanding environmental determinants of disease? Int J Epidemiol 

2003;32:1–22.  

26.  Davies NM, Holmes MV, Smith GD. Reading Mendelian randomisation studies: a 

guide, glossary, and checklist for clinicians. BMJ 2018;362:k601.  

27.  Morris AP, Le TH, Wu H, Akbarov A, Most PJ van der, Hemani G, Smith GD, Mahajan 

A, Gaulton KJ, Nadkarni GN, Valladares-Salgado A, Wacher-Rodarte N, Mychaleckyj 

JC, Dueker ND, Guo X, Hai Y, Haessler J, Kamatani Y, Stilp AM, Zhu G, Cook JP, 

Ärnlöv J, Blanton SH, Borst MH de, Bottinger EP, Buchanan TA, Cechova S, Charchar 

FJ, Chu P-L, Damman J, et al. Trans-ethnic kidney function association study reveals 

putative causal genes and effects on kidney-specific disease aetiologies. Nat Commun 

2019;10:29.  

28.  Haas ME, Aragam KG, Emdin CA, Bick AG, International Consortium for Blood 

Pressure, Hemani G, Davey Smith G, Kathiresan S. Genetic Association of Albuminuria 

with Cardiometabolic Disease and Blood Pressure. Am J Hum Genet 2018;103:461–

473.  

29.  Eales JM, Jiang X, Xu X, Saluja S, Akbarov A, Cano-Gamez E, McNulty MT, Finan C, 

Guo H, Wystrychowski W, Szulinska M, Thomas HB, Pramanik S, Chopade S, Prestes 

PR, Wise1 I, Evangelou E, Salehi M, Shakanti Y, Ekholm M, Denniff M, Nazgiewicz A, 

Eichinger F, Godfrey B, Antczak A, Glyda M, Kró R, Eyre S, Brown J, Berzuini C, 

Bowes J, Caulfield M, Zukowska-Szczechowska E, Zywiec J, Bogdanski P, Kretzler M, 

Woolf AS, Talavera D, Keavney B, Maffia P, Guzik TJ, O’Keefe RT, Trynka G, Samani 

NJ, Hingorani A, Sampson MG, Morris AP, Charchar FJ and Tomaszewski M. 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvab357/6459170 by U

C
L, London user on 12 January 2022



 24 

Uncovering genetic mechanisms of hypertension through multi-omic analysis of the 

kidney. Nat Genet 2021;https://doi.org/10.1038/s41588-021-00835-w.  

30.  Censin JC, Peters SAE, Bovijn J, Ferreira T, Pulit SL, Mägi R, Mahajan A, Holmes MV, 

Lindgren CM. Causal relationships between obesity and the leading causes of death in 

women and men. PLOS Genet 2019;15:e1008405.  

31.  Zhu P, Herrington WG, Haynes R, Emberson J, Landray MJ, Sudlow CLM, Woodward 

M, Baigent C, Lewington S, Staplin N. Conventional and Genetic Evidence on the 

Association between Adiposity and CKD. J Am Soc Nephrol 2021;32:127–137.  

32.  Tomaszewski M, Eales J, Denniff M, Myers S, Chew GS, Nelson CP, Christofidou P, 

Desai A, Büsst C, Wojnar L, Musialik K, Jozwiak J, Debiec R, Dominiczak AF, Navis G, 

Gilst WH van, Harst P van der, Samani NJ, Harrap S, Bogdanski P, Zukowska-

Szczechowska E, Charchar FJ. Renal Mechanisms of Association between Fibroblast 

Growth Factor 1 and Blood Pressure. J Am Soc Nephrol 2015;26:3151–3160.  

33.  Xu X, Eales JM, Akbarov A, Guo H, Becker L, Talavera D, Ashraf F, Nawaz J, 

Pramanik S, Bowes J, Jiang X, Dormer J, Denniff M, Antczak A, Szulinska M, Wise I, 

Prestes PR, Glyda M, Bogdanski P, Zukowska-Szczechowska E, Berzuini C, Woolf AS, 

Samani NJ, Charchar FJ, Tomaszewski M. Molecular insights into genome-wide 

association studies of chronic kidney disease-defining traits. Nat Commun 2018;9:1–

12.  

34.  Jiang X, Eales JM, Scannali D, Nazgiewicz A, Prestes P, Maier M, Denniff M, Xu X, 

Saluja S, Cano-Gamez E, Wystrychowski W, Szulinska M, Antczak A, Byars S, 

Skrypnik D, Glyda M, Król R, Zywiec J, Zukowska-Szczechowska E, Burrell LM, Woolf 

AS, Greenstein A, Bogdanski P, Keavney B, Morris AP, Heagerty A, Williams B, Harrap 

SB, Trynka G, Samani NJ, et al. Hypertension and renin-angiotensin system blockers 

are not associated with expression of angiotensin-converting enzyme 2 (ACE2) in the 

kidney. Eur Heart J 2020;41:4580–4588.  

35.  Marques FZ, Romaine SP, Denniff M, Eales J, Dormer J, Garrelds IM, Wojnar L, 

Musialik K, Duda-Raszewska B, Kiszka B, Duda M, Morris BJ, Samani NJ, Danser AJ, 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvab357/6459170 by U

C
L, London user on 12 January 2022



 25 

Bogdanski P, Zukowska-Szczechowska E, Charchar FJ, Tomaszewski M. Signatures 

of miR-181a on the Renal Transcriptome and Blood Pressure. Mol Med 2015;21:739–

748.  

36.  Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, Motyer A, Vukcevic D, 

Delaneau O, O’Connell J, Cortes A, Welsh S, Young A, Effingham M, McVean G, 

Leslie S, Allen N, Donnelly P, Marchini J. The UK Biobank resource with deep 

phenotyping and genomic data. Nature 2018;562:203–209.  

37.  Carreras-Torres R, Johansson M, Haycock PC, Relton CL, Smith GD, Brennan P, 

Martin RM. Role of obesity in smoking behaviour: Mendelian randomisation study in UK 

Biobank. BMJ 2018;361.  

38.  Locke AE, Kahali B, Berndt SI, Justice AE, Pers TH, Day FR, Powell C, Vedantam S, 

Buchkovich ML, Yang J, Croteau-Chonka DC, Esko T, Fall T, Ferreira T, Gustafsson S, 

Kutalik Z, Luan J, Mägi R, Randall JC, Winkler TW, Wood AR, Workalemahu T, Faul 

JD, Smith JA, Zhao JH, Zhao W, Chen J, Fehrmann R, Hedman ÅK, Karjalainen J, et 

al. Genetic studies of body mass index yield new insights for obesity biology. Nature 

2015;518:197–206.  

39.  Shungin D, Winkler TW, Croteau-Chonka DC, Ferreira T, Locke AE, Mägi R, 

Strawbridge RJ, Pers TH, Fischer K, Justice AE, Workalemahu T, Wu JMW, 

Buchkovich ML, Heard-Costa NL, Roman TS, Drong AW, Song C, Gustafsson S, Day 

FR, Esko T, Fall T, Kutalik Z, Luan J, Randall JC, Scherag A, Vedantam S, Wood AR, 

Chen J, Fehrmann R, Karjalainen J, et al. New genetic loci link adipose and insulin 

biology to body fat distribution. Nature 2015;518:187–196.  

40.  Shashkova TI, Pakhomov ED, Gorev DD, Karssen LC, Joshi PK, Aulchenko YS. 

PheLiGe: an interactive database of billions of human genotype–phenotype 

associations. Nucleic Acids Res 2020;49:D1347–D1350.  

41.  Shao J, Wu CFJ. A General Theory for Jackknife Variance Estimation. Ann Stat 

1989;17:1176–1197.  

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvab357/6459170 by U

C
L, London user on 12 January 2022



 26 

42.  Vujkovic M, Keaton JM, Lynch JA, Miller DR, Zhou J, Tcheandjieu C, Huffman JE, 

Assimes TL, Lorenz K, Zhu X, Hilliard AT, Judy RL, Huang J, Lee KM, Klarin D, 

Pyarajan S, Danesh J, Melander O, Rasheed A, Mallick NH, Hameed S, Qureshi IH, 

Afzal MN, Malik U, Jalal A, Abbas S, Sheng X, Gao L, Kaestner KH, Susztak K, et al. 

Discovery of 318 new risk loci for type 2 diabetes and related vascular outcomes 

among 1.4 million participants in a multi-ancestry meta-analysis. Nat Genet 

2020;52:680–691.  

43.  Burgess S, Small DS, Thompson SG. A review of instrumental variable estimators for 

Mendelian randomization. Stat Methods Med Res 2017;26:2333–2355.  

44.  Burgess S, Bowden J, Dudbridge F, Thompson SG. Robust instrumental variable 

methods using multiple candidate instruments with application to Mendelian 

randomization. ArXiv160603729 Stat 2016;  

45.  Bowden J, Spiller W, Del Greco M F, Sheehan N, Thompson J, Minelli C, Davey Smith 

G. Improving the visualization, interpretation and analysis of two-sample summary data 

Mendelian randomization via the Radial plot and Radial regression. Int J Epidemiol 

2018;47:1264–1278.  

46.  Verbanck M, Chen C-Y, Neale B, Do R. Detection of widespread horizontal pleiotropy 

in causal relationships inferred from Mendelian randomization between complex traits 

and diseases. Nat Genet 2018;50:693–698.  

47.  Hemani G, Bowden J, Davey Smith G. Evaluating the potential role of pleiotropy in 

Mendelian randomization studies. Hum Mol Genet 2018;27:R195–R208.  

48.  Köttgen A, Pattaro C. The CKDGen Consortium: ten years of insights into the genetic 

basis of kidney function. Kidney Int 2020;97:236–242.  

49.  Feehally J, Farrall M, Boland A, Gale DP, Gut I, Heath S, Kumar A, Peden JF, Maxwell 

PH, Morris DL, Padmanabhan S, Vyse TJ, Zawadzka A, Rees AJ, Lathrop M, Ratcliffe 

PJ. HLA Has Strongest Association with IgA Nephropathy in Genome-Wide Analysis. J 

Am Soc Nephrol 2010;21:1791–1797.  

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvab357/6459170 by U

C
L, London user on 12 January 2022



 27 

50.  Zuydam NR van, Ahlqvist E, Sandholm N, Deshmukh H, Rayner NW, Abdalla M, 

Ladenvall C, Ziemek D, Fauman E, Robertson NR, McKeigue PM, Valo E, Forsblom C, 

Harjutsalo V, Perna A, Rurali E, Marcovecchio ML, Igo RP, Salem RM, Perico N, Lajer 

M, Käräjämäki A, Imamura M, Kubo M, Takahashi A, Sim X, Liu J, Dam RM van, Jiang 

G, Tam CHT, et al. A Genome-Wide Association Study of Diabetic Kidney Disease in 

Subjects With Type 2 Diabetes. Diabetes 2018;67:1414–1427.  

51.  Sanderson E, Davey Smith G, Windmeijer F, Bowden J. An examination of 

multivariable Mendelian randomization in the single-sample and two-sample summary 

data settings. Int J Epidemiol 2019;48:713–727.  

52.  Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent Estimation in 

Mendelian Randomization with Some Invalid Instruments Using a Weighted Median 

Estimator. Genet Epidemiol 2016;40:304–314.  

53.  Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-seq 

quantification. Nat Biotechnol 2016;34:525–527.  

54.  Leek JT, Johnson WE, Parker HS, Jaffe AE, Storey JD. The sva package for removing 

batch effects and other unwanted variation in high-throughput experiments. Bioinforma 

2012;28:882–883.  

55.  Eales JM, Maan Akhlaq A., Xu X, Michoel T, Hallast P, Batini C, Zadik D, Prestes PR, 

Molina E, Denniff M, Schroeder J, Bjorkegren JLM, Thompson J, Maffia P, Guzik TJ, 

Keavney Bernard, Jobling MA., Samani NJ, Charchar FJ, Tomaszewski M. Human Y 

Chromosome Exerts Pleiotropic Effects on Susceptibility to Atherosclerosis. 

Arterioscler Thromb Vasc Biol 2019;39:2386–2401. 

56.  Yu Z, Coresh J, Qi G, Grams M, Boerwinkle E, Snieder H, Teumer A, Pattaro C, 

Köttgen A, Chatterjee N, Tin A. A bidirectional Mendelian randomization study supports 

causal effects of kidney function on blood pressure. Kidney Int 2020;98:708–716.  

57.  Stenvinkel P, Zoccali C, Ikizler TA. Obesity in CKD—What Should Nephrologists 

Know? J Am Soc Nephrol American Society of Nephrology; 2013;24:1727–1736.  

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvab357/6459170 by U

C
L, London user on 12 January 2022



 28 

58.  Hall JE, Carmo JM do, Silva AA da, Wang Z, Hall ME. Obesity, kidney dysfunction and 

hypertension: mechanistic links. Nat Rev Nephrol 2019;15:367–385.  

59.  Ross R, Neeland IJ, Yamashita S, Shai I, Seidell J, Magni P, Santos RD, Arsenault B, 

Cuevas A, Hu FB, Griffin BA, Zambon A, Barter P, Fruchart J-C, Eckel RH, Matsuzawa 

Y, Després J-P. Waist circumference as a vital sign in clinical practice: a Consensus 

Statement from the IAS and ICCR Working Group on Visceral Obesity. Nat Rev 

Endocrinol 2020;16:177–189.  

60.  Hall JE, Kuo JJ, Silva AA da, Paula RB de, Liu J, Tallam L. Obesity-associated 

hypertension and kidney disease. Curr Opin Nephrol Hypertens 2003;12:195–200.  

61.  Chan JM, Rimm EB, Colditz GA, Stampfer MJ, Willett WC. Obesity, fat distribution, and 

weight gain as risk factors for clinical diabetes in men. Diabetes Care 1994;17:961–

969.  

62.  Bidani Anil K., Griffin Karen A. Pathophysiology of Hypertensive Renal Damage. 

Hypertension 2004;44:595–601.  

63.  DeFronzo RA, Reeves WB, Awad AS. Pathophysiology of diabetic kidney disease: 

impact of SGLT2 inhibitors. Nat Rev Nephrol 2021;17:319–334.  

64. Mount PF, Juncos LA. Obesity-Related CKD: When Kidneys Get the Munchies. J Am  

Soc Nephrol 2017;28:3429–3432. 

65.  Tomaszewski M, Zimmerli L, Charchar FJ, Dominiczak AF. Genetic information in the 

diagnosis and treatment of hypertension. Curr Hypertens Rep 2006;8:309–316.  

66.  Bubien JK. Epithelial Na+ channel (ENaC), hormones, and hypertension. J Biol Chem 

2010;285:23527–23531.  

67.  Blaschke F, Takata Y, Caglayan E, Law RE, Hsueh WA. Obesity, peroxisome 

proliferator-activated receptor, and atherosclerosis in type 2 diabetes. Arterioscler 

Thromb Vasc Biol 2006;26:28–40.  

68.  Sattar N, Preiss D. Reverse Causality in Cardiovascular Epidemiological Research. 

Circulation 2017;135:2369–2372.  

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvab357/6459170 by U

C
L, London user on 12 January 2022



 29 

69.  Yu Z, Coresh J, Qi G, Grams M, Boerwinkle E, Snieder H, Teumer A, Pattaro C, 

Köttgen A, Chatterjee N, Tin A. A bidirectional Mendelian randomization study supports 

causal effects of kidney function on blood pressure. Kidney Int 2020;98:708–716. 

70.  Tin A, Köttgen A. Genome-Wide Association Studies of CKD and Related Traits. Clin J 

Am Soc Nephrol 2020;15:1643–1656. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvab357/6459170 by U

C
L, London user on 12 January 2022



 30 

Figure legends 

Figure1. Overview of the strategy and the outputs of the study. A. Conceptual overview of 

the study in four stages of Mendelian randomisation studies. Stage 1 – obesity traits and 

biochemical measures of kidney function, Stage 2 – obesity traits and kidney health index, 

Stage 3 – obesity traits and kidney disease, Stage 4 – hypertension and diabetes as 

potential mediators of association between obesity traits and kidney health index. eGFRcrea 

– GFR estimated by creatinine, eGFRcys – GFR estimated by cystatin C, eGFRcreacys – 

GFR estimated by creatinine and cystatin C, BUN – blood urea nitrogen, SBP – systolic 

blood pressure, DBP – diastolic blood pressure, kidney health index – a composite renal 

phenotype integrating all available serum measures of kidney function (eGFRcrea, 

eGFRcys, eGFRcrea and BUN), a urinary bio-marker of kidney damage [albumin-to-

creatinine ratio (uACR)] and the International Classification of Disease (ICD)-derived 

information on the history of kidney disease from hospital episode statistics. B. Summary of 

the 50 most highly correlated phenotypes with kidney health index. Strength of statistical 

significance is shown by the size of the coloured circle, direction and magnitude of 

association is shown by intensity of either blue (negative association) or red (positive 

association). All phenotypes are grouped and labelled by clinical category. C. Summary of 

gene set enrichment analysis on canonical pathways for obesity traits alone and after 

adjustment for hypertension and diabetes. Strength of statistical significance is shown by the 

size of the coloured circle, direction and magnitude of association is shown by intensity of 

either blue (negative association) or red (positive association), non-significant results after 

adjustment are coloured grey. All pathways are grouped and labelled by their biological 

theme. 
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