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Background: Obesity and type 2 diabetes have been associated with an increased risk of kidney stones in obser-
vational studies, but the causality of these associations remains unestablished. We conducted a Mendelian ran-
domization study to determine these associations.
Methods: Independent single nucleotide polymorphisms at the genome-wide significance threshold
(p < 5 × 10−8) were selected as instrumental variables and were identified from meta-analyses of genome-
wide association studies on body mass index (up to 806,834 individuals) and type 2 diabetes (228,499 cases
and 1,178,783 non-cases). Summary-level data for the associations of exposure-associated SNPs with kidney
stones were obtained from the UK Biobank study (3540 cases and 357,654 non-cases) and the FinnGen consor-
tium (3856 cases and 172,757 non-cases). Causal estimates from two sources were combined using the meta-
analysis method.
Results: Higher genetically predicted body mass index and genetic liability to type 2 diabetes were associated
with an increased risk of kidney stones in both the UK Biobank study and FinnGen consortium. In the meta-
analysis of results from the two data sources, the odds ratios of kidney stoneswere 1.33 (95% confidence interval,
1.17, 1.51; p< 0.001) per one standard deviation increase in genetically predicted bodymass index (~4.8 kg/m2)
and 1.15 (95% confidence interval, 1.10, 1.20; p < 0.001) for one unit increase in genetically predicted log-
transformed odds of type 2 diabetes.
Interpretation: This study based on genetic data suggests that a high bodymass index and type 2 diabetesmay be
causal risk factors for kidney stone formation.

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Kidney stones affect around 15% of population and recur in 50% of
patients within the first 5 years of the initial stone episode [1]. Obesity
and type 2 diabetes have been associated with an increased risk of
kidney stones in observational studies [1–6]. In a recent meta-analysis
of cohort studies, the risk of kidney stones increased by 21% per a
5 kg/m2 increase in body mass index (BMI) and by 16% in diabetes
patients compared to individuals without type 2 diabetes [2]. However,
whether these associations are causal remains undetermined due to
possible limitations, such as residual confounding [7] and other biases,
in the observational studies. In addition, randomized controlled trial is
ethically unallowed and impractical to examine the causality of these
associations.
Medicine, Karolinska Institutet,
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Mendelian randomization (MR) design is an epidemiological ap-
proach using genetic variants as instrumental variables for an exposure
to strengthen the causal inference in an exposure-outcome association
[8]. The technique can minimize residual confounding and reverse cau-
sality since the genetic variants are randomly assorted at meiosis and
fixed after fertilization. Here, we conducted an MR study to assess the
associations of BMI and type 2 diabetes with risk of kidney stones.

2. Material and methods

2.1. Data sources for kidney stones

Summary-level data for kidney stones were available from the 2nd
wave of genome-wide association analyses in the UK Biobank [9] from
the Neale lab [10] and the 4th release of the FinnGen consortium [11].
Kidney stone cases were defined by N20 in International Classification
of Disease-10 (ICD-10) and 592 in ICD-8 and ICD-9 with diagnostic in-
formation from clinical records in health centers and nationwide regis-
ters. In the UK Biobank data, 3540 cases and 357,654 non-cases were
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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included after the exclusion of individuals of non-European ancestry,
closely related individuals (or at least one of a related pair of individ-
uals), individuals with sex chromosome aneuploidies, and individuals
who had withdrawn consent from the UK Biobank study. The 4th re-
lease of the FinnGen consortium comprised 3856 cases and 172,757
non-cases after the removal of individuals with ambiguous gender,
high genotype missingness (>5%), excess heterozygosity (±4 standard
deviation) and non-Finnish ancestry. Age, sex and genetic principal
components were adjusted in the association tests in both sources.

2.2. Genetic instrument selection

Single nucleotide polymorphisms (SNPs) associated with expo-
sures were identified at the genome-wide significance threshold
(p < 5 × 10−8) from a meta-analysis of genome-wide association
studies (GWASs) on BMI [12] with up to 806,834 individuals of
European ancestry (~60% of individuals from UK Biobank) and a meta-
analysis of GWASs on type 2 diabetes [13] with 1,407,282 (228,499
cases and 1,178,783 non-cases) individuals of multi-ancestries (~79% of
European individuals). Age, sex and genetic principal components were
adjusted for in these association tests. Linkage disequilibrium among
SNPs for one exposure was estimated based on the 1000 genomes data
from the European population and defined by r2 > 0.01 or clump dis-
tance <10 kb. Independent SNPs (i.e., SNPs without linkage disequilib-
rium) were selected as instrumental variables for BMI (n = 312) and
type 2 diabetes (n=497). The effect size for SNPs were scaled to genet-
ically predicted one standard deviation (SD) increase in BMI (corre-
sponding to ~4.8 kg/m2) and one unit increase in log-transformed odds
of type 2 diabetes. A minimal proportion of SNPs were missing in the
FinnGen data on kidney stones and not replaced by SNP proxies.

2.3. Statistical analysis

The F statistic was calculated to assess the strength of instruments in
the analysis of BMI based onUK Biobank assuming ~7.7% of variance ex-
plained by 312 SNPs strongly associated with BMI in the UK Biobank
study given a sample overlap between the exposure and outcome
data. The multiplicative random-effects inverse-variance weighted
method was used as the primary statistical model. Estimates from two
sources were combined using the fixed-effects meta-analysis method.
The inverse-variance weighted method can provide the most precise
causal estimates; however, it is sensitive to pleiotropy and outliers.
Thus, four sensitivity analyses, including the weighted median [14],
MR-Egger [15], MR-PRESSO [16], and contamination mixture [17]
methods, were employed to examine the robustness of results and de-
tect and correct for pleiotropy. Theweightedmedianmethod can gener-
ate consistent causal estimate if over a half of weight comes from valid
instruments [14]. TheMR-Egger regression can detect horizontal pleiot-
ropy by its intercept and provides estimates after the correction for
pleiotropic effects although it consumes statistical power [15]. The
MR-PRESSO approach can detect outliers and generate causal estimates
after the removal of outlying SNPs [16]. The contamination mixture
method can provide accurate causal estimates in the analysis with hun-
dreds of genetic instruments and allows for thepresence of some invalid
instrumental variables [17]. Cochrane’Q valuedwas calculated to assess
the heterogeneity among estimates of SNPs. The p value for intercept in
MR-Egger was used to assess the horizontal pleiotropy (p < 0.05). All
tests were two-sided and performed using the TwoSampleMR [18],
MR-PRESSO [16] and Mendelianrandomization [19] packages in R soft-
ware (version 4.0.2).

3. Results

The F statistic for the analysis of BMI in the UK Biobank study was
~82, which indicates a good strength of used instrumental variables.
There was no sample overlap in the other analyses. Higher genetically
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predicted BMI and genetic liability to type 2 diabetes were associated
with an increased risk of kidney stones in both the UK Biobank study
and FinnGen consortium (Fig. 1). The odds ratios of kidney stones
were 1.33 (95% confidence interval, 1.17, 1.51; p < 0.001) per one SD
(~4.8 kg/m2) increase in genetically predicted BMI and 1.15 (95%
confidence interval, 1.10, 1.20; p < 0.001) for one unit increase in log-
transformed genetically predicted odds of type 2 diabetes in the meta-
analyses. The associations persisted in the contamination mixture
model and remained directionally consistent in the weighted median
andMR-Eggermethodswithwider confidence intervals (Table 1).Mod-
erate heterogeneity was observed in the analyses for type 2 diabetes,
but no horizontal pleiotropy was detected by the MR-Egger regression
(p forMR-Egger intercept>0.05), which indicates a balanced pleiotropy
(Table 1). One outlier was detected in MR-PRESSO analysis for BMI
in UKBB. After removal of the outlier, the OR of kidney stones was
1.42 (95% CI, 1.18, 1.71; p=1.95 × 10−4) per one SD increase in genet-
ically predicted BMI. No outlier was detected in the other MR-PRESSO
analyses.

4. Discussion

This MR study found that higher genetically predicted BMI and ge-
netic liability to type 2 diabetes were positively associated with risk of
kidney stones in two independent European populations. The high con-
sistency of results between UK Biobank and FinnGen and across all stat-
ical models suggested that these associations were likely to be casual.

A meta-analysis including 8 cohort studies from the United States,
China and Japan found that the risk of kidney stones increased by 21%
per additional 5 kg/m2 increase in BMI and the association remained ro-
bust after the removal of heterogenous studies [2]. This positive associ-
ation was replicated in subsequent cross-sectional [5,6] and cohort [4,
20] studies. In a cohort studywith 270,190 Korean adults, bothmetabol-
ically healthy and unhealthy obesity were associated with an increased
risk of kidney stones after amedian of 4-year follow-up period [20]. The
present study confirmed this positive association in European popula-
tions and revealed the causal potential of this association.

Diabetes has been found to be positively associated with kidney
stones in most but not all studies [2]. A meta-analysis of cohort studies
including 13,475 out of 666,715 individuals observed that the risk of
kidney stones increased by 16% in diabetes patients compared to partic-
ipants without type 2 diabetes [2]. This positive association was also
reported in subsequent studies in American and Chinese adults [4,6].
The present study verified and strengthened the positive association
between type 2 diabetes and kidney stone formation.

Several underlying mechanisms explaining the association between
obesity and kidney stones have been proposed. Higher BMI was corre-
lated with an increase in urine uric acid and sodium and a decrease in
pH and urine citrate [21], which might facilitate stone formation [22].
In addition, inflammation and oxidative stress closely associated with
obesity may also play a role in kidney stones [22,23]. With regard to
type 2 diabetes, the lower urine PH was observed in diabetes patients
[24,25] and thought to be the main contributor to uric acid
nephrolithiasis in patients with type 2 diabetes [25]. In addition, the
compensatory hyperinsulinemia may increase the supersaturation of
the urine calcium salts, which may elevate the chance of kidney stones'
formation in type 2 diabetes [26].

There are strengths of this study. The major merit is the MR design,
which diminishes the residual confounding and other biases, and there-
fore, reinforces the causal inference. We examined the associations in
two independent populations and the high consistency made our find-
ings robust. In addition, we performed several sensitivity analyses. The
consistent estimates across different models, especially from the con-
tamination mixture model, boosted our confidence in our established
associations. The analyses were confined to individuals of European de-
scent and used GWASs adjusted for genetic principal components. Thus,
the bias caused by population structure is unlikely to influence our



Fig. 1. Associations of body mass index and type 2 diabetes with kidney stones in Mendelian randomization analyses. CI = confidence interval; OR = odds ratio; UKBB = UK Biobank.
Causal estimates were derived from the multiplicative random-effects inverse-variance weighted model and combined using the fixed-effects meta-analysis method. The ORs were
scaled to one standard deviation (4.8 kg/m2) increase in genetically predicted body mass index and one unit increase in log-transformed odds of type 2 diabetes.

Table 1
Associations of body mass index and type 2 diabetes with kidney stones in sensitivity Mendelian randomization analyses.

Source Exposure SNPs Cochrane’ Q pintercept Weighted median MR-Egger Contamination mixture

OR 95% CI p OR 95% CI p OR 95% CI p

UKBB BMI 312 383 0.924 1.23 0.90, 1.69 0.194 1.37 0.86, 2.18 0.184 1.40 1.09, 1.99 0.011
UKBB T2D 492 607 0.059 1.07 0.95, 1.20 0.262 1.05 0.92, 1.21 0.450 1.14 1.06, 1.22 0.001
FinnGen BMI 305 338 0.730 1.32 1.00, 1.76 0.051 1.18 0.76, 1.83 0.469 1.70 1.27, 2.27 0.001
FinnGen T2D 472 569 0.548 1.06 0.94, 1.18 0.333 1.08 0.95, 1.24 0.248 1.13 1.03, 1.21 0.009

BMI = body mass index; CI = confidence interval; OR = odds ratio; SNPs = single nucleotide polymorphisms; T2D = type 2 diabetes; UKBB= UK Biobank.

S. Yuan and S.C. Larsson Molecular Genetics and Metabolism 134 (2021) 212–215
results. The population confinement on the other side may limit the
generalizability of our findings to other populations.

Several limitations in this study needs consideration. Sample over-
lapped between the exposure and outcome data in the analysis for
BMI in the UK Biobank study, which may make the model overfitting
and bias the causal estimate towards to the association in the observa-
tional study [27]. However, the F statistic >10 for this analysis indicated
the bias introduced by sample overlap should beminimal. Another lim-
itation is pleiotropy. Nevertheless, we did not detect any possible pleio-
tropic effect in the MR-Egger regression and outliers in MR-PRESSO
analysis. The consistent results from the contamination mixture
model, which allows invalid SNPs, further minimized the possibility
that our findings were caused by horizontal pleiotropy. A non-linear as-
sociation between BMI and kidney stones was revealed [2]. However,
we were not able to investigate a potential non-linear association be-
cause this MR study was based on summary-level data. In addition,
the biochemical profiles in urine specimens could not be investigated
due to no access to individual-level data, which limited the exploration
of possible mechanisms.

5. Conclusions

ThisMR study suggests that a high BMI and type 2 diabetes are caus-
ally associated with an elevated risk of kidney stones. Reducing the
prevalence of obesity and type 2 diabetes may play an important role
in kidney stone prevention.
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