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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 pu-
tatively 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 randomization (MR) and multivariable MR studies
in �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 pre-
dicted body mass index and waist circumference 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 diabe-
tes, respectively. A total of 61 pathways mapping primarily onto transcriptional/translational regulation, innate and
adaptive immunity, and extracellular matrix and metabolism were associated with obesity measures in gene set en-
richment 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 pres-

sure and type 2 diabetes and uncover the signatures of obesity on the transcriptome of human kidney.
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1. Introduction

Chronic kidney disease (CKD) affects more than 10% of adults world-
wide 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 poten-
tially safest to implement, cheapest to introduce, and generally accepted
by both patients and clinicians are health behaviours/lifestyle modifica-
tions, such as weight loss. Such lifestyle modifications are usually recom-
mended 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 behav-
iours 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 in-
creased risk of kidney diseases.4–10 However, it is not clear to what ex-
tent these associations reflect causality, i.e. a cause and effect
relationship between obesity and renal health/disease. This is of consid-
erable relevance to clinical management given that only health behav-
iours 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 randomization (MR) has emerged as a genetic epidemiolog-
ical approach that enables causal inference (analogous to a natural

randomized 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 reduction14–19; while
others demonstrated no significant effect.20,21 Conducting RCTs is gen-
erally very expensive, logistically challenging, risky (as the intervention
may not demonstrate clinical efficacy), time-consuming and under cer-
tain 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) ge-
netic variants as proxies (or instruments) for an exposure (e.g. a modifi-
able 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 con-
founding and reverse causality.25,26 MR has been increasingly applied to
exposures/outcomes of direct relevance to clinical nephrology. For ex-
ample, previous MR-based investigations uncovered causality signals to
or from renal phenotypes, e.g. an effect of eGFR on diastolic blood pres-
sure (DBP) and risk of nephrolithiasis,27 the causal connection between
higher blood pressure (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 body mass index (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
causal association with many different dimensions of kidney heath and
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disease—from physiological measures of kidney function to kidney dis-
eases of several aetiologies. Furthermore, through analysis of the largest
collection of renal gene expression profiles characterized by RNA-se-
quencing,27,29,33–36 we characterized how increasing values of obesity
measures translate into changes in molecular pathways and biological
themes operating in the kidney. Finally, through exploitation of informa-
tion derived from kidney transcriptomes, we provide important biologi-
cal 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

2. Condensed methods

An overview of our strategy and undertaken analyses are shown in
Figure 1A and Supplementary material online, Table S1. Full details of
methods are provided in Supplementary material online. If not specified
otherwise, all the statistical analyses were performed using R (version
3.6.2).

2.1 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 data-
set, we extracted information on the two most common anthropomet-
ric measures of obesity [BMI and waist circumference (WC)] and four
measures of kidney function (Figure 1A) 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 avail-
able serum measures of kidney function (eGFRcrea, eGFRcys,
eGFRcrea, and BUN), a urinary biomarker 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 (Supplementary material online, Figure S1).37

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.

2.2 Observational analysis in UK Biobank
To characterize the observational association between directly mea-
sured BMI/WC and quantitative serum biomarkers of kidney function
(eGFRcrea, eGFRcys, eGFRcreacys, and BUN), we used linear regres-
sion. 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, sex, assessment centre, and Townsend
Deprivation Index.

We selected all binary traits with a number of cases >100 from self-
reported data and ICD10-derived diagnoses available in UK Biobank
(Supplementary material online, Table S2). These traits were further
grouped into 22 clinical categories (Supplementary material online, Table
S2). We explored the association between kidney health index (as an in-
dependent 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.

2.3 Selection of genetic instruments
To build genetic instruments and generate genetic scores for BMI and
WC, we followed the strategy from a previous study.38 In brief, we used
72 and 43 instruments from SNPs associated with BMI and WC, respec-
tively, in genome-wide association study (GWAS) conducted in 339 224
and 224 459 individuals of European ancestry independent of UK
Biobank by GIANT Consortium39,40 and validated in previous MR analy-
sis.38 To minimize 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 kb of genes rec-
ognized for their roles in the metabolism of these blood biomarkers
(Supplementary material online, Table S3). We further re-examined our
MR models excluding instruments showing residual associations with
smoking and educational attainment in PheLiGe41 (Supplementary mate-
rial online, Table S4). To examine if the effect of obesity on kidney-
related traits was mediated by BP or diabetes, we further derived instru-
ments/genetic scores for systolic blood pressure (SBP), DBP, and 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 approach42 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 ancestry43 that were not BMI-
adjusted and independent of UK Biobank.

2.4 One-sample MR in UK Biobank
We applied one-sample MR [two-stage least square approach (2SLS)44]
with externally derived genetic scores of BMI, WC, SBP, DBP, and T2D
as an instrument, measured BMI, WC, SBP, DBP, and T2D as an expo-
sure, kidney function (i.e. eGFRcrea, eGFRcys, eGFRcreacys, and BUN),
kidney health index, ICD-informed kidney diagnoses (CKD, hypertensive
renal disease, renal failure, and acute renal failure or other disorders of
kidney and ureters, where appropriate) as an outcome (Figure 1A). 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.

2.5 Two-sample MR
We conducted two-sample MR using four different models [inverse vari-
ance weighted (IVW) regression, weighted median, RadialMR, and
MRPRESSO]45–47 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)
(Figure 1A); (iii) validate causal effects of BMI and WC on kidney health in-
dex in a sensitivity analysis, and (iv) explore the existence of reverse cau-
sality (i.e. causal effects from eGFRcys, BUN, and kidney health index on
obesity indices) (Figure 1A). Weighted median, RadialMR, and
MRPRESSO were chosen to minimize any potential bias arising from
horizontal pleiotropy.48 To further quantify the magnitude of horizontal
pleiotropy, we employed MR-Egger intercept test.45 Summary statistics
for exposures and outcomes, and the selection of genetic instruments
were derived from UK Biobank, CKDGen Consortium,49 and other
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Figure 1 Overview of the strategy and the outputs of the study. (A) Conceptual overview of the study in four stages of MR 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 uACR and the 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, direc-
tion, 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 GSEA 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. NFKB, ST Ga13 pathway; FCGR1, Reactome fcgamma receptor FCGR dependent phagocytosis; FCGR2, Reactome FCGR activa-
tion; FCGR3, Reactome FCGR3A-mediated IL10 synthesis; FCERI1, Reactome Fc epsilon receptor FCERI signalling; FCERI2, Reactome FCERI mediated
Caþ2 mobilization; FCERI3, Reactome FCERI mediated MAPK activation; FCERI4, Reactome FCERI mediated NF-kB activation; Robos1, Reactome regu-
lation of expression of SLITs and ROBOs; Robos2, Reactome signaling by ROBO receptors; RNA1, Reactome RRNA processing; RNA2, Reactome me-
tabolism of RNA; RNA3, Reactome Nonsense-Mediated Decay; PIPS, Reactome synthesis of PIPS at the Golgi membrane; ENaC, Epithelial sodium
channel; ECM1, Reactome MET activates PTK2 signaling; ECM2, Reactome MET promotes cell motility; ECM3, Reactome signaling by MET; PAKS,
Reactome RHO GTPases activate PAKs.
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previous GWAS.39,40,50,51 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
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).

2.6 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.52 In brief, MVMR estimations measure the direct effect of
each exposure on the outcome adjusted for the other exposures in-
cluded 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 propor-
tion 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 ef-
fect, with standard error estimated using bootstrapping.53 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.

2.7 Kidney transcriptome profiling and
pathway analyses
We collected demographic and clinical information data on up to 467
human kidney tissue samples (Supplementary material online, Table S5)
drawn from five studies of the Human Kidney Tissue Resource.29,32–36

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.35 Gene expression
was quantified in units of transcripts per million by kallisto54 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, normalized by
the robust quantile method and standardized by the rank-based inverse
normal transformation as previously reported.35 BMI was calculated
based on weight and height as reported before.35 WC was measured us-
ing a measuring tape placed around the trunk at the midline level.
Hypertension was defined as BP values >_140/90 mmHg on at least two
separate occasions33,35 and/or being on pharmacological antihyperten-
sive treatment or collected from hospital documentation by the recruit-
ment team.35 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.32,35 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, three genetic principal components,29 sequencing batch
and either 30 (BMI) or 33 (WC) surrogate variables.35,55 Pathways show-
ing 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 lead-
ing edge genes in line with previously reported strategy.56 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 identity of the pathways in the original output. The original pathways
retaining their directionally consistent (based on normalized enrichment
statistic) significant association with BMI or WC after adjusting for hyper-
tension or diabetes were deemed as independent of hypertension and
diabetes (respectively) while those whose association was no longer sta-
tistically significant after the adjustment were interpreted as being medi-
ated specifically either by hypertension or diabetes.

2.8 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 recruited
(for the deceased donors, the consent was obtained in line with the local
governance; for example, from the family members).

3. Results

3.1 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 (Supplementary material online, Table S6) to examine
how BMI and WC relate to serum parameters of kidney function
(eGFRcrea, eGFRcys, eGFRcreacys, and BUN) (Figure 1A). Both directly
measured obesity indices showed significant associations with each renal
phenotype in the observational analysis, even after a correction for mul-
tiple testing (Supplementary material online, Figures S2 and S3). Using ge-
netically predicted information for BMI and WC in one-sample MR, we
detected causal relationships of both obesity measures with three indi-
ces of kidney function (eGFRcys, eGFRcreacys, and BUN) consistent
with increasing obesity translating into poorer kidney function
(Supplementary material online, Figures S2 and S3). For example, each
5 kg/m2 genetically predicted higher BMI was causally related to -0.041
[95% confidence interval (CI): -0.047 to -0.037; P = 5.96� 10-59] and
-0.02 (95% CI: -0.023 to -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
(Supplementary material online, Table S7 and Figures S2 and S4). 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 (Supplementary material on-
line, Table S3) and that there is no evidence for bidirectional causality be-
tween obesity measures and kidney function (Supplementary material
online, Table S8). Collectively, these results show a consistent and poten-
tially causal association between higher BMI and WC and kidney function
across different MR models and in independent datasets.
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3.2 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 MR,57 we generated
a ‘kidney health index’ as a composite binary phenotype derived from
the blood and urine biochemistry combined with available clinical infor-
mation in UK Biobank37 (Figure 1A and Supplementary material online,
Figure S1 and 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 biomarkers (eGFRcrea,
eGFRcys, eGFRcreacys, and BUN) and uACR when compared to the
remaining individuals (Supplementary material online, Table S9). In obser-
vational analysis, both BMI and WC were inversely related to the kidney
health index (Supplementary material online, Table S10 and Figure S2).
Further analysis of 403 binary traits in UK Biobank revealed strong asso-
ciations between kidney health index and phenotypes expected to cor-
relate with measures of kidney health and disease (e.g. kidney and
urinary tract-related traits, CVD, hypertension, diabetes, and metabolic
diseases) (Figure 1B and Supplementary material online, Table S11).
Indeed, the directions of these associations were consistent with re-
duced odds of these disorders in those with optimal health index cate-
gory. 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% [odds ratio
(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]
(Supplementary material online, Table S10). We then conducted several
sensitivity analyses. Mindful of the potential limitations of genetic risk
scores constructed based on previous GWAS of obesity traits30,31,38

and biomarker metabolism related instruments,57 we examined the ef-
fect of BMI and WC on kidney health index after exclusion of SNPs
showing associations with smoking and education in PheLiGe41 or those
related directly to genes metabolically or mechanistically involved in
BUN, creatinine, and cystatin C metabolism.57 These sensitivity analyses
confirmed statistically significant putatively causal associations of both an-
thropometric measures of obesity with kidney health index
(Supplementary material online, Tables S12 and S13). Finally, we
employed two-sample MR tests with GIANT-derived genetic instru-
ments 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) (Supplementary
material online, Table S10 and Figure S2) and showed no evidence for bi-
directional causality between obesity measures and kidney health index
(Supplementary material online, Table S14). Taken together, these
results suggest that obesity measures may have a potentially causal in-
verse effect on the kidney health index.

3.3 BMI and WC 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 (Figure 1A). 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) (Supplementary material online, Table S15 and
Figure S2). We then used two-sample MR using GWAS summary statis-
tics of three kidney outcomes (CKD, IgA nephropathy, and diabetic ne-
phropathy) 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 be-
tween BMI and diabetic nephropathy (ORivw = 2.03; 95% CI: 1.49–2.77;
P = 6.80� 10-6) (Supplementary material online, Table S16 and Figure
S2). Collectively, these data show that obesity increases the risk of acute
and CKD of several aetiologies.

3.4 The causal association between obesity
measures on kidney health index is largely
independent of blood pressure and T2D
Elevated BP and diabetes have been proposed as the most likely biologi-
cal mediators of the association between obesity and the risk of kidney
disease.58,59 Therefore, we examined whether SBP, DBP, and T2D are
causally related to the kidney health index in UK Biobank (Figure 1A and
Supplementary material online, Tables S17 and 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) (Supplementary material online, Tables
S17 and S18). Using one-sample multivariable MR,52 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 was mediated by BP and 21–26% by T2D
(Supplementary material online, Table S19). SBP or DBP and T2D jointly
accounted for 26–34% proportion of causal association of BMI/WC and
kidney health index (Supplementary material online, Tables S17–S20).
Collectively, these data suggest that potentially causal negative effect of
obesity on kidney health is only partly mediated by BP and T2D.

3.5 Kidney pathways and biological themes
associated with BMI and WC—insights
from GSEA of kidney transcriptomes
To gain insights into potential biological mechanisms underpinning the
associations between obesity and the kidney, we have conducted BMI/
WC-based GSEA of up to 467 renal transcriptomes characterized by
RNA-sequencing, as reported before.29,32,34 We identified a total of 61
pathways mapping predominantly onto transcriptional and translational
regulation, innate and adaptive immunity, extracellular matrix remodel-
ling, and different dimensions of human metabolism (Supplementary ma-
terial online, Table S21 and Figure 1C). 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 jB re-
sponse, and increased pro-fibrotic signalling (i.e. through components of
extracellular matrix) accompanied by alterations in pathways involved in
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.
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 regula-
tors) (Supplementary material online, Table S21 and Figure 1C). Taking
advantage of the availability of clinical information matching the kidney
transcriptomes, we adjusted the baseline GSEA analysis for either hyper-
tension or diabetes and compared the extent to which each of these
adjustments will attenuate the associations with BMI and WC. These ad-
justed 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
(Supplementary material online, Table S21).

4. 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 differ-
ent biochemical parameters of kidney function as well as a wide spec-
trum 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
identities of 61 biological pathways—signatures of obesity on the tran-
scriptome of the human kidney.

The association between BMI and/or WC and different measures
of kidney health and disease have been reported before in observa-
tional (both cross-sectional and longitudinal) studies—increasing
obesity correlates with increased incidence of CKD,4–7 end-stage re-
nal disease,8 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 find-
ings. 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 preventive strate-
gies. 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 rele-
vance of obesity to kidney function is possibly most apparent).5,10

Both routine engagement in moderate-intensity regular physical ex-
ercise and different dietary interventions have been shown to achieve
clinically relevant changes in both WC and BMI.60 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 ef-
fect of obesity on kidney health given the established role of both dia-
betes and hypertension in the development of CKD.61,62 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 associa-
tion between higher BP/T2D and lower odds of healthy kidneys
revealed by our MR analyses lends further support to the notion that
poorly controlled hypertension63 and derangement in glycaemic con-
trol64 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 sta-
tistical 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 detrimen-
tal effect of obesity on kidney health as well as the risk of kidney dis-
eases. To this end, several other BP/glycaemia-independent
mechanisms have been contemplated as potential contributors to
nephron injury in obesity.13,64,65 In search of biological pathways,
themes and putative mechanisms underpinning the connection be-
tween human obesity and the kidney, we explored one of the largest
collections of kidney transcriptomes with matching clinical informa-
tion27,29,32–36 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 path-
way driven by ENaC genes (i.e. SCNN1B and SCNN1G)—molecular
targets for a blood pressure lowering agent (amiloride).66 Up-
regulation on these genes on the surface of tubular epithelium is
indeed a feature of high BP accompanied by obesity.67 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).68 Reassuringly, while in numerical minority
to other gene sets from GSEA outputs, the pathways with prior phys-
iological 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 obe-
sity and suggest that a majority of them do not map onto the most
obvious molecular cascades of BP regulation and/or glucose and insu-
lin metabolism.

We appreciate that while we optimized our statistical pipeline to
ensure the highest possible robustness of our genetic instruments
[i.e. independently and strongly associated with obesity (linkage dis-
equilibrium R2 < 0.01 and P < 5� 10-8) validated in the previous MR
analysis38] and detected no strong evidence of horizontal pleiotropy
or ‘bidirectional causality’69 some of the instruments may show resid-
ual 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 find-
ings. We should also highlight interpretational limitations of potential
causality signals to eGFR measured using specific biochemical bio-
markers.57 For example, causal associations between obesity indices
and eGFR have been postulated to reflect the effects of specific expo-
sures on the metabolism of specific biomarkers used to estimate kid-
ney function (such as creatinine, cystatin C, or BUN) rather than
glomerular filtration per se.57,70 However, a number of mitigation
strategies (e.g. 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
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.
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 in-
dividual 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 di-
agnostic and predictive utility.

In summary, our data from a set of statistically robust models em-
bedded in the principles of causal inferences highlighted potentially
casual inverse associations between two most common clinical indi-
ces of obesity and a range of kidney health and disease-related phe-
notypes. These findings suggest that obesity has a putatively negative
effect on kidney health and increases the risk of different kidney dis-
orders 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 pub-
lic health policies to improve kidney health and prevent kidney dis-
ease through encouraging weight loss.
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Evolving importance of kidney disease: from subspecialty to global health burden.
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. D, 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; ESC Scientific Document Group. 2018
ESC/ESH Guidelines for the management of arterial hypertension. The 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, date last accessed).

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 kid-
ney 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 inde-
pendent 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.

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:e59071.

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

13. Friedman AN, Kaplan LM, Roux C. L, Schauer PR. Management of obesity in adults
with CKD. J Am Soc Nephrol 2021;32:777–790.

14. Tirosh A, Golan R, Harman-Boehm I, Henkin Y, Schwarzfuchs D, Rudich A, Kovsan J,
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JV, Yengo L, Zhang W, Albrecht E, Ärnlöv J, Arscott GM, Bandinelli S, Barrett A,
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Lajer M, Käräjämäki A, Imamura M, Kubo M, Takahashi A, Sim X, Liu J, van Dam RM,
Jiang G, Tam CHT, Luk AOY, Lee HM, Lim CKP, Szeto CC, So WY, Chan JCN, Ang
SF, Dorajoo R, Wang L, Clara TSH, McKnight A-J, Duffy S, Pezzolesi MG, Marre M,
Gyorgy B, Hadjadj S, Hiraki LT, Ahluwalia TS, Almgren P, Schulz C-A, Orho-
Melander M, Linneberg A, Christensen C, Witte DR, Grarup N, Brandslund I,
Melander O, Paterson AD, Tregouet D, Maxwell AP, Lim SC, Ma RCW, Tai ES,
Maeda S, Lyssenko V, Tuomi T, Krolewski AS, Rich SS, Hirschhorn JN, Florez JC,
Dunger D, Pedersen O, Hansen T, Rossing P, Remuzzi G, Brosnan MJ, Palmer CNA,
Groop P-H, Colhoun HM, Groop LC, McCarthy MI; SUrrogate markers for Micro-
and Macrovascular hard endpoints for Innovative diabetes Tools (SUMMIT)
Consortium. A genome-wide association study of diabetic kidney disease in subjects
with type 2 diabetes. Diabetes 2018;67:1414–1427.

52. Sanderson E, Davey Smith G, Windmeijer F, Bowden J. An examination of multivari-
able Mendelian randomization in the single-sample and two-sample summary data
settings. Int J Epidemiol 2019;48:713–727.

53. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estimation in
Mendelian randomization with some invalid instruments using a weighted median es-
timator. Genet Epidemiol 2016;40:304–314.

54. Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-seq
quantification. Nat Biotechnol 2016;34:525–527.

55. 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.

56. Eales JM, Maan AA, 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
B, 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.

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