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Background—Obesity and type 2 diabetes (T2D) are correlated risk factors for chronic kidney 

disease (CKD).

Methods—Using summary data from GIANT, DIAGRAM and CKDGen, we examined causality 

and directionality of the association between obesity and kidney function. Bi-directional two-

sample Mendelian randomization (MR) estimated the total causal effects of body mass index 

(BMI) and waist-to-hip ratio (WHR) on kidney function, and vice versa. Effects of adverse obesity 

and T2D were examined by stratifying BMI variants by their association with WHR and T2D. 

Multi-variable MR estimated the direct causal effects of BMI and WHR on kidney function. The 

inverse variance weighted random-effects MR for Europeans was the main analysis, accompanied 

by several sensitivity MR analyses.

Results—One standard deviation (SD≈4.8 kg/m2) genetically higher BMI was associated with 

decreased estimated glomerular filtration rate (β=-0.032 [95% confidence intervals:-0.036,-0.027] 

log[eGFR], P=1x10-43), increased blood urea nitrogen (β=0.010 [0.005,0.015] log[BUN], 

P=3x10-6), increased urinary albumin-to-creatinine ratio (β=0.199 [0.067,0.332] log[UACR], 

P=0.003) in individuals with diabetes, and increased risk of microalbuminuria (OR=1.15 

[1.04-1.28], P=0.009) and CKD (1.13 [1.07-1.19], P= 3x10-6). Corresponding estimates for WHR 

and for trans-ethnic populations were overall similar. The associations were driven by adverse 

obesity, and for microalbuminuria additionally by T2D. While genetically high BMI, unlike WHR, 

was directly associated with eGFR, BUN and CKD, the pathway to albuminuria was likely 

through T2D. Genetically predicted kidney function was not associated with BMI or WHR.

Conclusions—Genetically high BMI is associated with impaired kidney function, driven by 

adverse obesity, and for albuminuria additionally by T2D.
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Introduction

Numerous observational studies have linked high body mass index (BMI) with impaired 

kidney function (1–7). This association is of immense importance since the prevalences of 

both obesity and kidney disease are very high and increasing globally (8, 9), while obesity is 

potentially reversible and preventable.

Chronic kidney disease (CKD) is defined as estimated glomerular filtration rate (eGFR) 

below 60 ml/min/1.73 m2 and/or kidney damage, often ascertained as albuminuria, i.e., 

increased albumin excretion in urine (10). A recent meta-analysis in more than 5 million 

individuals showed that BMI was independently associated with eGFR decline (1). 

Interestingly, in this meta-analysis, increasing BMI was a stronger risk factor for eGFR 

decline in the general population than in individuals with preexisting CKD and diabetes. In 

contrast, in a Norwegian general population study of 1261 middle aged individuals without 

diabetes, cardiovascular, or kidney disease, neither BMI nor waist-to-hip ratio (WHR) was 

associated with rapid annual eGFR decline (11). Previous studies in individuals with type 2 
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diabetes (T2D) and obesity have shown that compared to usual care, bariatric surgery was 

associated with lower incidence of CKD, suggesting that weight loss may have beneficial 

effects on kidney function (12, 13). However, the beneficial effects may be limited to 

short-term effects in individuals with T2D and obesity, and possibly mediated through either 

weight loss and/or improvement of T2D.

Thus, whether the association between obesity and kidney function is causal, i.e., whether 

weight loss directly can improve or delay the decline of kidney function in the general 

population is presently uncertain.

While observational studies are prone to reverse causation and confounding, using the 

Mendelian randomization (MR) approach circumvents both and allows for causal inference. 

This approach uses the genetic variants (typically single nucleotide polymorphisms [SNPs]) 

associated with life-long exposure of interest (e.g., BMI), to assess the magnitude of 

the effect of genetically predicted exposure on outcome (e.g., kidney function). Since 

genotype is established at conception (Mendel’s law of segregation), the possibility of 

reverse causation is minimized. Likewise, potential confounders are evenly distributed 

across genotype (Mendel’s law of independent assortment), thus mimicking the random 

distribution of confounders by randomization in randomized controlled trials. Recent 

MR studies have supported a causal role for BMI and waist circumference in kidney 

function (14–16). Hence, the purpose of our study was to expand on current evidence by 

performing a bi-directional two-sample MR on the association between obesity measures 

(BMI, WHR and WHR adjusted for BMI [WHRadjBMI]) and all outcomes related to 

kidney function and damage that were available (eGFR, blood urea nitrogen [BUN], annual 

eGFR decline, urinary albumin-to-creatinine ratio [UACR], microalbuminuria and CKD) by 

increasing statistical power via inclusion of larger population samples and additional genetic 

instruments. Compared to previous MR studies, the novelty of our study includes: 1) an 

increased number of outcomes related to kidney function and damage, 2) increased sample 

size for eGFR and BUN, 3) ten-fold increased number of SNPs for BMI, 4) examination 

of the effect of favorable and adverse obesity as well as unexpected fat distribution (i.e., 

WHRadjBMI) on kidney function outcomes, 5) testing the directionality by MR Steiger 

and Steiger filtering (see Methods), and by using eGFR and UACR as exposures for 

obesity outcomes, and 6) conducting multivariable MR (MVMR) with BMI, WHR and 

T2D as exposures for outcomes related to kidney function and damage. For simplicity, these 

outcomes are onwards termed “kidney function outcomes”.

Methods

Study design is illustrated in Figure 1 and described in detail in the online Supplemental 

Methods.

Exposures: Identification of genetic instruments

Details on identification of SNPs used as genetic instruments are shown in online 

Supplemental Table 2. We identified genetic instruments from published studies reporting 

top independent SNPs in main tables, supplementary tables or links to online repositories 

(Supplemental Methods).

Kjaergaard et al. Page 3

Clin Chem. Author manuscript; available in PMC 2023 May 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



In populations of European ancestry (EA), we identified 941 SNPs for BMI (17), 316 SNPs 

for WHR (18), and 346 SNPs for WHRadjBMI (18) from the GIANT and UK Biobank 

combined, and 77 SNPs for BMI from the GIANT alone (BMIGIANT SNPs, supplementary 

analyses) (19). Since some SNPs for WHRadjBMI exhibited sexual dimorphisms, i.e., had 

significantly different effects between the two sexes (18), we excluded the dimorphic SNPs 

from the main analyses (but included in the online Supplemental Methods).

From the CKDGen and UK Biobank combined, we identified 173 SNPs associated with 

eGFRcrea, and additionally validated by being associated with eGFRcysC and inversely 

associated with BUN, hence named eGFRval SNPs (20). From the CKDGen Consortium 

alone, we identified 126 SNPs for eGFRcrea (validated by being inversely associated with 

BUN) (21) and 61 SNPs for UACR (online Supplemental Table 1) (22).

For MVMR analyses, in addition to 941 SNPs for BMI and 316 SNPs for WHR, we also 

identified 246 SNPs associated with T2D (23).

Outcomes

In EA populations, kidney function outcomes were: eGFRcysC, eGFRcrea
CKD-EPI, BUN, 

annual eGFRcrea
MDRD decline, UACR, microalbuminuria and CKD. Furthermore, annual 

eGFRcrea
MDRD decline was stratified by CKD (yes/no), and UACR by diabetes (yes/no). 

In supplementary analyses, we examined eGFRcrea
MDRD stratified by diabetes. Obesity 

outcomes were BMI, WHR and WHRadjBMI.

Statistical analysis

Analyses were performed in R version 4.0.4 using TwoSampleMR and 

MendelianRandomization packages.

We excluded SNPs in linkage disequilibrium within a 10 Mb window and R2 cut-off at 0.01 

(PLINK clumping method included in the TwoSampleMR package).

For each SNP, the effect allele was defined as the allele associated with increased level of 

the relevant exposure (BMI, WHR, WHRadjBMI, eGFRval, eGFRcrea, and UACR). For all 

outcomes, we extracted summary data for the relevant exposure SNPs, and aligned the effect 

to the effect allele (data harmonization). This excluded inconsistent and palindromic SNPs 

with effect allele frequencies close to 50%.

The main overall causal estimates were assessed by the inverse variance weighting 

multiplicative random effects (IVW-RE) meta-analysis applied across the individual 

instrumental estimates and their standard errors (24). We used the random-effects rather 

than fixed-effects meta-analysis because it accounts for the heterogeneity of the individual 

causal estimates (assessed by the I2 index, range: 0%-100%, increases with increasing 

heterogeneity) (25). Because the inverse variance weighting method requires that all 

SNPs are valid genetic instruments, we also performed sensitivity analyses with different 

assumptions: MR-PRESSO (MR Pleiotropy RESidual Sum and Outlier), weighted median 

(WM) and MR-Egger regression analyses. MR-PRESSO detects and corrects for horizontal 

pleiotropy by excluding “outliers”, thus narrowing the confidence intervals. WM provides 

Kjaergaard et al. Page 4

Clin Chem. Author manuscript; available in PMC 2023 May 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



reliable estimates if at least 50% of the weight comes from valid genetic instruments 

(26), and MR-Egger in cases where even fewer than 50% of the genetic variants are valid 

instruments, thus broadening the confidence intervals (27). The directional pleiotropy was 

tested by the MR-Egger intercept test and “NO Measurement Error” (NOME) violation was 

quantified by the I2
GX (range: 0%-100%, decreases with increasing NOME violation) (27). 

The causal direction was assessed by MR Steiger as true if the exposure likely causes the 

outcome, or false if the exposure unlikely causes the outcome. Additional MR analyses 

were performed after Steiger filtering, i.e. after excluding SNPs that explained more of the 

variation in outcomes than the exposures (28).

A Bonferroni correction was used to control for false positive findings due to multiple 

testing, and with four exposures (BMI, WHR, eGFR and UACR) and up to 14 outcomes, a 

P<0.003 (0.05/18) was considered significant.

To reduce the risk of population stratification, we restricted the main analyses to EA 

populations.

In order to investigate the potential causal effects of adverse and favorable obesity, we 

stratified SNPs associated with BMI (by their association with WHR) into: adverse obesity 

(when BMI increasing alleles were nominally associated [P<0.05] with increased WHR, 

78% of all BMI SNPs), favorable obesity (when BMI increasing alleles were nominally 

associated with decreased WHR, 3% of all SNPs), and WHR indifferent obesity (when BMI 

increasing alleles were not associated [p≥0.05] with WHR, 19% of all SNPs).

We employed the same approach to examine whether the potential causal effects of BMI on 

kidney function were driven by SNPs associated with T2D. BMI SNPs were stratified into: 

T2D concordant (when BMI increasing alleles were nominally associated with increased 

risk of T2D, 49% of all SNPs), T2D discordant (when BMI increasing alleles were 

nominally associated with decreased risk of T2D, 5% of all SNPs), and T2D indifferent 

(when BMI increasing alleles were not associated with risk of T2D, 46% of all SNPs).

Finally, since MR estimates the total causal effects, we additionally performed multi-

variable MR (MVMR) in order to assess the direct causal effects of BMI and WHR (29). 

We performed three MVMR analyses for both exposures, taking each other and/or T2D 

into account (for BMI: +WHR, +T2D and +WHR+T2D; for WHR: +BMI, +T2D and 

+BMI+T2D, Figure 1C).

Results

Total causal effects of obesity on eGFR and BUN

In EA populations, one standard deviation (SD≈4.8 kg/m2) of genetically higher BMI 

was associated with 0.032 log[eGFRcysC] decrease (Figure 2, β=−0.032 [95% confidence 

intervals: -0.036, -0.027], P=1x10-43) and 0.010 log[BUN] increase (Figure 2, β= 0.010 

[0.005, 0.015], P=3x10-5). The effect was driven by SNPs associated with adverse obesity, 

and for BUN additionally by SNPs associated with T2D (Figure 2, online Supplemental 

Tables 3-6). These results were supported by supplementary analyses, including sensitivity 
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MR, MR Steiger, Steiger filtering and trans-ethnic analyses (online Supplemental Tables 

3-6, online Supplemental Figure 1).

In contrast, genetically high BMI was associated with neither eGFRcrea
CKD-EPI (Figure 2) 

nor eGFRcrea
MDRD (online Supplemental Table 3).

While the estimates for genetically high WHR were similar to those for BMI, genetically 

high WHRadjBMI was associated with neither eGFR nor BUN (Figure 2 and online 

Supplemental Tables 3-6).

Total causal effects of obesity on annual eGFR decline

Genetically high BMI, WHR and WHRadjBMI were not associated with annual 

eGFRcrea
MDRD decline after Bonferroni correction (Figure 3, online Supplemental Tables 

3-4). However, genetically high BMI and WHR were nominally associated with increased 

annual eGFRcrea
MDRD decline in the overall population (online Supplemental Tables 

3-4). The effect was driven by SNPs associated with adverse obesity (Figure 3, online 

Supplemental Tables 3-4). The estimates were larger in the CKD population, but only 

nominally significant in BMIGIANT SNPs in IVW-RE and MR-PRESSO, but not other 

sensitivity MR analyses nor MR Steiger (online Supplemental Tables 3-4).

We were unable to examine annual eGFR decline in trans-ethnic populations due to lack of 

GWAS on this outcome in trans-ethnic populations.

Total causal effects of obesity on UACR

In EA populations, one SD of genetically higher BMI was associated with 0.199 log[UACR] 

increase in individuals with diabetes (β =0.199 [0.067,0.332], P=0.003, Figure 3, online 

Supplemental Tables 3-4), but not in the overall population. This was supported by 

BMIGIANT SNPs, MR-PRESSO and trans-ethnic, but not other sensitivity MR analyses. 

(online Supplemental Figure 2, online Supplemental Tables 3-6). The effect was driven 

by SNPs associated with adverse obesity, as well as T2D (online Supplemental Tables 

34). MR Steiger results were contradictory: false direction (exposure unlikely causes the 

outcome) in the EA and true direction (exposure likely causes the outcome) in the trans-

ethnic populations (online Supplemental Tables 3-6). In contrast, genetically high BMI and 

WHRadjBMI were nominally associated with decreased and increased UACR in the overall 

EA, but not trans-ethnic populations (P=0.01, Figure 3, online Supplemental Figure 2).

Genetically high WHR and WHRadjBMI were not robustly associated with UACR in 

individuals with diabetes, nor in the overall population (Figure 3, online Supplemental 

Figure 2, online Supplemental Tables 3-6).

Total causal effects of obesity on microalbuminuria and CKD

In EA populations, one SD of genetically higher BMI was associated with an odds ratio 

of 1.15 (1.04-1.28, P=0.01) for microalbuminuria and 1.13 (1.07-1.19, P=3x10-6) for CKD 

(Figure 4, online Supplemental Tables 3-4). These results were supported by MR-PRESSO 

and MR Steiger, but not by other MR sensitivity analyses nor Steiger filtering (Figure 4, 

online Supplemental Tables 3-4). The effect was driven by SNPs associated with adverse 
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obesity, and for microalbuminuria additionally by SNPs associated with T2D (Figure 4, 

online Supplemental Tables 3-4).

There was no robust association between genetically high WHR and WHRadjBMI and 

microalbuminuria and CKD (Figure 4, online Supplemental Tables 3-6, online Supplemental 

Figure 3).

Total causal effects of eGFR and UACR on obesity

Genetically high eGFR and UACR were not associated with BMI and WHR (Figure 

5, online Supplemental Figure 4, online Supplemental Tables 7-10). After Bonferroni 

correction, only genetically high eGFRval was associated with WHRadjBMI (Figure 5, 

online Supplemental Figure 4, online Supplemental Tables 7-10). This association was 

supported by MR-PRESSO and MR Steiger, but not other sensitivity MR analyses. Steiger 

filtering reduced the number of SNPs by >50%, and somewhat attenuated the association 

(online Supplemental Tables 7-8).

Multivariable MR (MVMR): Direct causal effects of obesity on kidney function

Genetically high BMI was associated with decreased eGFRcysC, increased BUN and 

increased risk of CKD when WHR and/or T2D were accounted for (Figure 6, online 

Supplemental Tables 11). In fact, the direct causal effects were larger than the total causal 

effects. Meanwhile, genetically high WHR was not associated with eGFRcysC, BUN nor 

CKD when BMI was accounted for (Figure 6, online Supplemental Tables 11).

Genetically high BMI was directly associated with decreased UACR, when WHR and/or 

T2D were accounted for (Figure 6, Supplemental Table 11). Meanwhile, genetically high 

WHR was directly associated with increased UACR when we accounted for BMI (in 

agreement with MR estimates for WHRadjBMI, Figure 3), but not when we accounted 

for T2D (Figure 6, online Supplemental Tables 11).

Genetically high BMI and WHR were both associated with increased risk of 

microalbuminuria. Although the direct causal estimates were imprecise (large confidence 

intervals), both the total and the direct causal effects were larger for genetically high WHR 

than BMI (Figure 6, online Supplemental Tables 11).

Discussion

This large two-sample MR study demonstrated that genetically high BMI is associated 

with impaired kidney function, and not vice versa. Genetically predicted high BMI was 

associated with decreased eGFRcysC, increased BUN, increased UACR in individuals with 

diabetes, and increased risk of microalbuminuria and CKD. These associations were driven 

by adverse obesity, and for albuminuria also by T2D. While genetically high BMI, unlike 

WHR, was directly associated with eGFRcysC, BUN and CKD, the pathway to albuminuria 

was likely through T2D.

Interestingly, genetically high BMI was only associated with decreased eGFR based on 

serum cystatin C, but not serum creatinine measures. Current evidence supports that 

Kjaergaard et al. Page 7

Clin Chem. Author manuscript; available in PMC 2023 May 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



eGFRcysC may be a better biomarker for kidney function than eGFRcrea (20, 30). Indeed, 

estimates of GFR based on creatinine may overestimate kidney function in individuals with 

relatively low muscle mass, whereas cystatin C based estimates are unaffected, which may 

explain the discrepancy between the two methods, particularly in an elderly population (31).

In agreement with a previous MR study, we also found that genetically high BMI was 

associated with decreased eGFRcysC and increased BUN (14). In that study, Xu et al 

showed that a one SD increase in genetically predicted BMI (NSNPs=72, NGIANT=339,224) 

was associated with log[eGFRcysC] decrease of 0.038 in one-sample (NUKBB=303,373) 

and 0.047 in two-sample MR analysis (NCKDGen=33,152). Indeed, since we used 

summary statistics for eGFRcysC based on CKDGen and UK Biobank cohort combined 

(NCKDGen+UKBB=460,826), our estimates were very similar (β=-0.032) to the previous 

one-sample, and somewhat lower than the previous two-sample MR analysis. Likewise, 

our findings of 0.010 log[BUN] increase per one SD increase in genetically predicted 

BMI, were somewhat lower than previously reported by Xu et al: 0.020 for one-sample 

(NUKBB=314,731) and 0.032 for two-sample (NCKDGen=243,031) (14). This is likely 

explained by our two-to three-fold larger sample size, as we used summary statistics for 

BUN based on CKDGen and UK Biobank cohort combined (NCKDGen+UKBB=679,531) and 

a 10fold increased number of SNPs used as instruments (643 versus 74 SNPs). Indeed, when 

we performed replication using CKDGen alone, our estimates were 0.030 using 74 SNPs 

and 0.010 using 643 SNPs.

Since annual eGFR decline examined in this study was based on eGFRcrea and relatively 

small sample size (particularly for the CKD subpopulation), this study calls for re-

evaluation with future larger meta-GWAS for annual eGFRcysC decline (stratified by 

CKD at baseline). Indeed, we cannot completely exclude that genetically high BMI and 

WHR may be associated with annual eGFR decline, particularly in the subpopulation 

with CKD. Accordingly, in a trans-ethnic US population of 2489 elderly (70-79 years 

old) individuals, observationally high BMI was associated with eGFRcysC decline (30% 

decrease in eGFRcysC during a median follow-up of 9 years) as well as incident CKD. (4) 

Meanwhile, in the large meta-analysis demonstrating an association between observationally 

high BMI and eGFR decline, eGFR decline was defined as eGFRcrea
CKD-EPI decline>40%, 

eGFRcrea
CKD-EPI <10 mL/minute/1.73 m2, or initiation of kidney replacement therapy, i.e., a 

binary outcome comparable to severe CKD, but not annual eGFR decline (1).

In a study of more than 400,000 individuals from the UK Biobank, representing the 

general population, genetically high BMI and WHR adjusted for BMI were independently 

associated with increased albuminuria (7). In our study, genetically high BMI was associated 

with increased risk of microalbuminuria, and increased UACR in the population with 

diabetes only. Together with the fact that the association with microalbuminuria was 

driven by BMI SNPs associated with T2D, this suggests that the pathway from obesity 

to albuminuria may be mediated through T2D.

Previous MR studies have shown varying effect sizes for genetically high BMI on CKD with 

ORs between 1.16 and 1.78 (14–16). This is likely explained by the differences in numbers 

of SNPs used and sample sizes.
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Interestingly, while we found no support for an association between genetically high WHR 

in CKD, a very recent study of 281,228 individuals form the UK Biobank found that one 

SD of genetically higher WHR was associated with an OR of 1.29 for CKD (16). Possible 

explanations for the discrepancy include differences in 1) MR methods (sex-combined two-

sample MR on summary level data versus sex-specific genetic risk score on individual level 

data), 2) SNP independency criteria (R2<0.01 separated by 10 Mb versus R2<0.1 separated 

by 1 Mb, and thus slightly different number of SNPs: 287 versus 394), and 3) sample sizes 

(480,698 versus 281,228).

The directionality of the association between genetically high BMI and kidney function in 

this study agrees with previous MR studies (14, 15). Nevertheless, we cannot completely 

exclude the possibility that genetically high eGFR may be associated with increased WHR 

and WHRadjBMI. Because these associations were not confirmed by UACR (supplementing 

eGFR as an exposure for kidney function), they likely represent chance findings due to 

multiple testing.

Our finding that genetically high BMI was directly associated with decreased eGFR and 

increased risk of CKD is in line with previous MR findings showing that the effect of 

glycemic traits on CKD was weak, suggesting that T2D may have glucose-independent 

mechanisms (such as obesity, hypertension and dyslipidemia) to influence CKD (15). One 

major strength of this study is the consistent associations for obesity (genetically high BMI 

and WHR), and the consistent lack of associations for genetically unexpected fat distribution 

(WHRadjBMI) across many different kidney function outcomes. Our study was unlikely to 

suffer from weak instrument bias since we only included SNPs with sufficient instrument 

strength (F>10) associated with their respective outcomes at GWAS significance level 

(P<5x10−8), and excluded SNPs in linkage disequilibrium. We employed two different SNP 

sets for BMI (77 BMIGIANT and 941 BMIGIANT+UKBB in EA populations) and eGFR (173 

eGFRval and 126 eGFRcrea in EA populations, and 188 eGFRval and 147 eGFRcrea in trans-

ethnic populations), showing largely consistent results, thus further validating these SNP sets 

as genetic instruments for BMI and eGFR. Although the main analyses were restricted to 

EA, the results were largely replicated in trans-ethnic populations. However, as Europeans 

comprised the majority of trans-ethnic populations, there is a need to explore whether our 

findings apply to individuals of other ancestries as well. Another strength is the large sample 

sizes, particularly for eGFRcysC, eGFRcrea
CKD-EPI and BUN, used for the first time in the 

present MR study. Although pleiotropy is impossible to rule out completely, we addressed it 

by 1) performing sensitivity MR analyses (MR-PRESSO, weighted median and MR Egger) 

with different assumptions regarding pleiotropy, and 2) stratifying BMI SNPs according 

to their association with WHR and T2D. One important limitation of our two-sample MR 

study based on summary data is inability to investigate a potentially nonlinear association 

between obesity (genetically high BMI and WHR) and kidney function. Another potential 

limitation is the substantial overlap of the participants in the GWASs included in the two-

sample MR, which could have biased our estimates (32). However, any bias would likely 

be minimal (32), and a recent simulation study has shown that two-sample MR methods 

can be safely used for one-sample MR performed within large cohorts, as was the case in 

this study (33). Unfortunately, this does not apply to the MVMR approach, and having set 

the pairwise covariances between SNP-exposure associations to zero (assuming independent 
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samples) even though the samples were largely overlapping may have biased our results. 

Nevertheless, this potential bias was unlikely substantial since our MVMR estimates were 

in agreement with the results from our stratification analyses (genetic instruments for BMI 

stratified by association with WHR and T2D).

In conclusion, this large two-sample MR study showed that genetically high BMI is 

associated with impaired kidney function, and not vice versa. The effect was particularly 

pronounced in adverse obesity (genetically high BMI and high WHR). While BMI was 

directly associated with eGFR, BUN and CKD, the pathway to microalbuminuria was likely 

through T2D. These findings expand the previously published MR reports.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CKDGen CKD Genetics

DIAGRAM DIAbetes Genetics Replication And Meta-analysis

EA European ancestry

eGFR estimated glomerular filtration rate

eGFRcrea eGFR based on serum creatinine

eGFRcysC eGFR based on serum cystatin C

GIANT Genetic Investigation of ANthropometric Traits

GWAS genome-wide association study
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IVW-RE inverse variance weighted random-effects

MR Mendelian randomization

MR-PRESSO MR Pleiotropy RESidual Sum and Outlier

MVMR Multi-variable MR

NOME NO Measurement Error

OR odds ratio

SD standard deviation

SNP single nucleotide polymorphism

T2D type 2 diabetes

UACR urinary albumin-to-creatinine ratio

WHR waist-to-hip ratio

WHRadjBMI WHR adjusted for BMI

WM weighted median

β beta-coefficient from a regression analysis
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Figure 1. Schematic diagrams illustrating the study design.
All genetic instruments were single nucleotide polymorphisms (SNPs).

A) The two-sample Mendelian randomization (MR) approach uses summary data from 

two different population samples, provided by large genome-wide association studies 

(GWASs) consortia to assess causality between the exposure and the outcome. Summary 

data (β coefficients and standard errors) for the SNP-exposure (GWASexp) and SNP-

outcome (GWASout) associations for this study were from the GIANT Consortium for 

obesity (body mass index [BMI], waist-to-hip ratio [WHR] and WHR adjusted for BMI 
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[WHRadjBMI]) and CKDGen for kidney function (estimated glomerular filtration rate 

[eGFR], blood urea nitrogen, annual eGFR decline, urinary albumin-to-creatinine ratio 

[UACR], microalbuminuria and chronic kidney disease). Supplemental Tables 1 shows an 

overview of the studies included.

B) The bi-directional MR approach uses genetic instruments for both exposure and 

outcome to evaluate whether the “exposure” causes the “outcome” or vice versa. We 

identified genetic instruments for obesity (BMI, WHR and WHRadjBMI) and kidney 

function (estimated glomerular filtration rate [eGFR] and urinary albumin-to-creatinine ratio 

[UACR]). Supplemental Tables 2 shows the identification of genetic instruments.

C) While MR estimates the total causal effects using a single exposure at a time, the multi-

variable MR estimates the direct causal effects of each exposure using multiple exposures 

simultaneously. In this study, we examined the direct causal effects of BMI and WHR 

on each kidney function outcome, while accounting for each other and/or type 2 diabetes 

(T2D). Hence the bold font denotes the three models for BMI and WHR each (Supplemental 

Tables 11), whereas the direct effects of T2D were not examined (shown in light grey). 

Summary data for T2D were from the DIAGRAM consortium.
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Figure 2. Total causal effects of obesity on eGFR and BUN in the European population.
Estimates (β coefficients and 95% confidence intervals [CIs]) are from the inverse variance 

weighted random-effects Mendelian randomization analysis, and expressed in log units per 

standard deviation increase in the relevant exposure.

Obesity exposures from the GIANT Consortium were BMI (body mass index, N=795,624), 

WHR (waist-to-hip ratio, N=697,702), and WHRadjBMI (WHR adjusted for BMI, 

N=694,469). For each obesity exposure, the number of single nucleotide polymorphisms 

(SNPs) included in the analysis is shown in parenthesis.
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BMI, T2D and BMI, adverse (obesity) refer to BMI SNPs restricted to SNPs nominally 

associated with type 2 diabetes (T2D) and WHR, respectively. For details, see Methods. 

Kidney function outcomes from the CKDGen Consortium and UK Biobank combined 

were eGFRcysC (estimated glomerular filtration rate [eGFR] based on serum cystatin C, 

N=460,826), eGFRcrea (eGFR based on serum creatinine using the CKD-EPI equation, 

N=1,004,040) and BUN (blood urea nitrogen, N=679,531). Sensitivity MR analyses are 

shown in Supplemental Tables 3-4.
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Figure 3. Total causal effects of obesity on eGFR decline and UACR in the European population.
Estimates (β coefficients and 95% confidence intervals [CIs]) are from the inverse variance 

weighted random-effects Mendelian randomization analysis, and expressed in log units per 

standard deviation increase in the relevant exposure.

Obesity exposures from the GIANT Consortium were BMI (body mass index, N=795,624), 

WHR (waist-to-hip ratio, N=697,702), and WHRadjBMI (WHR adjusted for BMI, 

N=694,469). For each obesity exposure, the number of single nucleotide polymorphisms 

(SNPs) included in the analysis is shown in parenthesis.
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BMI, T2D and BMI, adverse (obesity) refer to BMI SNPs restricted to SNPs nominally 

associated with type 2 diabetes (T2D) and WHR, respectively. For details, see Methods. 

Kidney function outcomes from the CKDGen Consortium were annual eGFR (estimated 

glomerular filtration rate) decline (based on serum creatinine levels and calculated by the 

MDRD equation), available in overall population and subpopulation with chronic kidney 

disease (CKD, NCKDcases=3338 cases, NCKDcontrols=39,653, Noverall=43,008), and UACR 

(urinary albumin-to-creatinine ratio), available in overall population and subpopulation 

with diabetes (NDM=11,529, Noverall=118,460). Sensitivity MR analyses are shown in 

Supplemental Tables 3-4.
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Figure 4. Total causal effects of obesity on microalbuminuria and CKD in the European 
population.
Estimates are from the inverse variance weighted random-effects Mendelian randomization 

analysis, and expressed as odds ratios (ORs) and 95% confidence intervals (CIs).

Obesity exposures from the GIANT Consortium were BMI (body mass index, N=795,624), 

WHR (waist-to-hip ratio, N=697,702), and WHRadjBMI (WHR adjusted for BMI, 

N=694,469). For each obesity exposure, the number of single nucleotide polymorphisms 

(SNPs) included in the analysis is shown in parenthesis.
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BMI, T2D and BMI, adverse (obesity) refer to BMI SNPs restricted to SNPs nominally 

associated with type 2 diabetes (T2D) and WHR, respectively. For details, see Methods. 

Kidney function outcomes from the CKDGen Consortium were microalbuminuria (defined 

as urinary albumin-to-creatinine ratio above 25 mg/g in women and 17 mg/g in men, 

Ncases=5996, Ncontrols=48,140), and CKD (chronic kidney disease, defined as estimated 

glomerular filtration rate below 60 ml/min/1.73 m2, NCKDcases=41,395 cases,

Ncontrols=439,303 controls). Sensitivity MR analyses are shown in Supplemental Tables 34.
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Figure 5. Total causal effects of kidney function on obesity in the European population.
Estimates (β coefficients and 95% confidence intervals [CIs]) are from the inverse variance 

weighted random-effects Mendelian randomization analysis, and expressed in log units per 

standard deviation increase in the relevant exposure.

Kidney function exposures from the CKDGen Consortium were eGFRval (estimated 

glomerular filtration rate based on creatinine and calculated by CKD-EPI equation, and 

validated by being associated with cystatin C and inversely associated with blood urea 

nitrogen [BUN]), eGFRcrea (eGFR based on creatinine and calculated by CKD-EPI 

equation, and validated by being inversely associated with BUN, N=567,460-1,004,040) and 
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UACR (urinary albumin-to-creatinine ratio, N=547,361). For each kidney function exposure, 

the number of single nucleotide polymorphisms (SNPs) included in the analysis is shown in 

parenthesis.

Obesity outcomes from the GIANT Consortium and UK Biobank combined were BMI 

(body mass index, N=795,624), WHR (waist-to-hip ratio, N=697,702), and WHRadjBMI 

(WHR adjusted for BMI, N=694,469). Sensitivity MR analyses are shown in Supplemental 

Tables 7-8.
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Figure 6. Direct causal effects of obesity on kidney function in the European population.
Estimates (and corresponding 95% confidence intervals) are from the inverse variance 

weighted random-effects Mendelian randomization (MR) analyses, and expressed in log 

units per standard deviation (SD) increase in exposure for continuous outcomes, and odds 

ratios for binary outcomes.

MR approach estimated the total causal effects of body mass index (BMI) and waist-to-hip 

ratio (WHR) on kidney function outcomes (shown in Supplemental Table 3).

Multivariable MR (MVMR) based on the inverse-variance weighted method estimated the 

direct causal effects of BMI and WHR on each kidney function outcome, while accounting 

for each other and/or type 2 diabetes (T2D).

eGFRcysC: estimated glomerular filtration rate based on serum cystatin C. BUN: blood urea 

nitrogen. UACR: urinary albumin-to-creatinine ratio. CKD: chronic kidney disease.
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