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Mendelian randomization analysis reveals 
fresh fruit intake as a protective factor 
for urolithiasis
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Abstract 

Objective Previous studies have proposed that food intakes are associated with the risk of urolithiasis. Here, we 
conducted a two-sample Mendelian randomization (MR) study to evaluate the causal effects of different food intakes 
on urolithiasis.

Methods Independent genetic variants associated with different food intakes at a genome-wide significant level 
were selected from summary-level statistics of genome-wide association studies from the UK Biobank. The association 
of these instrumental variables with urolithiasis was studied in a cohort from FinnGen Consortium.

Results Among the 15 studied food intake exposures, tea intake (odds ratio [OR] = 0.433, 95% confidence interval 
[CI] = 0.281–0.667, p value = 1.470 ×  10–4) and fresh fruit intake (OR = 0.358, 95% CI = 0.185–0.694, p value = 0.002) 
were found to significantly reduce the risk of the calculus of kidney and ureter. The association remained consist-
ent in the sensitivity analyses. After adjusting for the effects of vitamin D and vitamin C, fresh fruit intake remained 
the reverse causal association with the calculus of kidney and ureter.

Conclusions Genetically proxied fresh fruit intake is causally associated with a reduced risk of the calculus of kidney 
and ureter.
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Introduction
Urolithiasis is a common medical condition character-
ized by high prevalence, with over 15% of the world’s 
population afflicted [1]. In the last few years, the inci-
dence and prevalence of urolithiasis kept rising in both 
males and females, laying a great burden on the health-
care systems [2, 3]. The pathogenesis of renal stones is 
affected by a variety of environmental factors. Previous 
publications have indicated that nutritional exposures, 
i.e., food intakes, are potentially one of the most impor-
tant factors involved in the increased incidence of uro-
lithiasis [4]. Furthermore, kidney stones are found to 
be influenced by genetic predisposition, genetic vari-
ants, and polygenic involvement are also important 
factors in urolithiasis [5]. It is now commonly accepted 
that nutritional factors are crucial in the prevention 
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of nephrolithiasis and its recurrence [6, 7]. However, 
previous studies on different food intakes’ effects on 
nephrolithiasis are mostly based on observational stud-
ies, which might be affected by the bias of confounding 
factors and reverse causality. Whether the association 
of food intakes with urolithiasis is causal has not been 
established due to the lack of randomized controlled 
trials (RCTs). Despite being the gold standard of causal 
inference, the implementation of randomized con-
trolled trials (RCTs) in this particular case is challeng-
ing due to feasibility and ethical considerations [8].

Mendelian randomization (MR) is a method that uses 
single-nucleotide polymorphisms (SNPs) as instrumen-
tal variables to proxy certain exposures [9, 10]. As the 
random assignment of genetic variants happens during 
conception, resembling the randomization of RCTs, MR 
can diminish the risk of environmental or self-adopted 
factors [11]. Furthermore, since the genetic variants used 
as proxies for the exposures cannot be influenced by the 
onset and progression of the disease outcomes, MR mini-
mized the bias from reverse causality [10].

Understanding the exact role of food intakes in uro-
lithiasis may provide useful suggestions for effective 
prevention and treatment. Thus, here we have used a 
two-sample MR method to systematically evaluate the 

causal effects of different food intakes on the risk of 
urolithiasis.

Methods
Study design
Figure 1 shows the three important assumptions of MR 
analyses and an overview of the study design. The pre-
sent MR study included 15 food intake factors. We first 
assessed the causal effects of different food intakes on 
the risk of urolithiasis (calculus of kidney and ureter or 
low urinary tract) by using two-sample MR analyses. We 
further estimated the causal association between fresh 
fruit intake and urolithiasis risk after adjusting for the 
effects of vitamin C and vitamin D with multivariable MR 
(MVMR). The current study is based on publicly available 
summary-level statistics from large genome-wide associ-
ation studies (GWASs) and consortia. Informed consent 
from the patients was obtained in all the included stud-
ies. All included studies were approved by a local review 
board.

Data sources
Summary-level statistics of food intake were obtained 
from UK Biobank (UKBB) [12]. Food intake exposures 
analyzed in this study included intake of bread, cereal, 
cheese, coffee, cooked vegetable, dried fruit, fresh fruit, 

Fig. 1 Diagrams showing the three assumptions of MR analyses and the study design overview. MR, Mendelian randomization; SNP, 
single-nucleotide polymorphism; GWAS, genome-wide association study; UKBB, UK biobank; MAF, minor allele frequency; IVW, inverse-variance 
weighted; MVMR, multivariable MR
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lamb, non-oily fish, oily fish, pork, poultry, processed 
meat, raw vegetable, and tea. Dietary assessments were 
performed with a touchscreen questionnaire about 
the frequency of consumption over the past year of the 
above-mentioned food, as well as questions on the avoid-
ance of certain foods, changes in dietary habits in the 
past 5 years, etc. [13].

Summary-level statistics of urolithiasis were obtained 
from the newest release from the FinnGen consortium 
(Release 8) [14]. Patients with calculus of kidney and ure-
ter were identified with ICD codes (ICD-10: N20; ICD-9: 
592; ICD-8: 592), in total 8,597 cases and 333,128 con-
trols were included in this study. ICD codes were also 
used to identify patients with calculus of the lower uri-
nary tract (ICD-10: N21; ICD-9: 594; ICD-8: 594), and 
1224 cases were identified. Detailed information on the 
data sources is shown in Table 1.

Genetic instrument selection
SNPs that were associated with food intakes were 
extracted with a genome-wide significance threshold 
(p < 5 ×  10−8). SNPs in linkage disequilibrium were iden-
tified and excluded with LD clumping method (R2 > 0.01 
or within 5000 kilobases distance). The proportion of 
explained trait variance  (R2) and F-statistics of the IVs 

were calculated as described in previous publications 
[15].

Statistical analysis
For the univariable two-sample MR analyses, the 
inverse-variance weighted (IVW) method was used as 
the main analysis model [16]. A random effect IVW 
method was used when more than three instrumental 
variables were available; otherwise, a fixed effect IVW 
method was used. Several other MR methods were 
employed as sensitivity analyses, including MR-Egger, 
weighted median, and MR-PRESSO methods [17–19]. 
MR-Egger regression is a method that can detect and 
correct for potential horizontal pleiotropy (p for inter-
cept < 0.05). The weighted median method can give 
consistent causal estimates when up to 50% of all used 
IVs were invalid. MR-PRESSO method can effectively 
identify outliers of the IVs and give causal estimates 
after excluding the outliers, thus minimizing the bias 
from horizontal pleiotropy. Cochrane’s Q-value was 
calculated to estimate the heterogeneity among the IVs. 
MVMR is a method that gives direct causal estimates 
of exposures’ effects on the outcome after adjusting 
for the effects of other exposures [20]. We have used 
MVMR in this study to estimate the causal effects of 
fresh fruit intake on urolithiasis after adjusting for 

Table 1 Detailed information about data sources of food intakes, circulating levels of vitamin D/vitamin C, and urolithiasis

* Summary statistics of food intakes, vitamin D and C levels can be found on https:// gwas. mrcieu. ac. uk/. Summary statistics for urolithiasis can be found on https:// r8. 
finng en. fi/
† Calculus of kidney and ureter: 8,597 cases and 333,128 controls; Calculus of lower urinary tract: 1224 cases and 333,128 controls

Traits GWAS ID* Consortium Year Used SNPs Sample size F-statistics

Bread intake ukb-b-11348 UKBB 2018 33 452,236 18.0272

Cereal intake ukb-b-15926 UKBB 2018 42 441,640 17.9189

Cheese intake ukb-b-1489 UKBB 2018 68 451,486 13.6880

Coffee intake ukb-b-5237 UKBB 2018 44 428,860 31.7542

Cooked vegetable intake ukb-b-8089 UKBB 2018 17 448,651 17.2863

Dried fruit intake ukb-b-16576 UKBB 2018 45 421,764 15.7614

Fresh fruit intake ukb-b-3881 UKBB 2018 58 446,462 19.5377

Lamb intake ukb-b-14179 UKBB 2018 32 460,006 15.0406

Non-oily fish intake ukb-b-17627 UKBB 2018 12 460,880 18.6157

Oily fish intake ukb-b-2209 UKBB 2018 65 460,443 17.8875

Pork intake ukb-b-5640 UKBB 2018 13 460,162 16.0884

Poultry intake ukb-b-8006 UKBB 2018 9 461,900 14.4174

Processed meat intake ukb-b-6324 UKBB 2018 23 461,981 15.1364

Raw vegetable intake ukb-b-1996 UKBB 2018 21 435,435 14.9826

Tea intake ukb-b-6066 UKBB 2018 50 447,485 27.1543

Vitamin D level ebi-a-GCST005367 NA 2018 11 79,366 NA

Vitamin C level met-a-348 NA 2014 14 2,085 NA

Calculus of kidney and ureter N14_CALCUKIDUR FinnGen 2022 NA 341,725† NA

Calculus of lower urinary tract N14_CALCULOWER FinnGen 2022 NA 334,352† NA

https://gwas.mrcieu.ac.uk/
https://r8.finngen.fi/
https://r8.finngen.fi/
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circulating vitamin C and vitamin D levels. To mini-
mize the risk of reverse causality that individuals with 
urolithiasis may modify their food intakes, we fur-
ther performed reverse MR analyses to test the causal 
effects of calculus of kidney and ureter on the food 
intakes. Statistical power of the MR analyses were cal-
culated with an online tool mRnd (https:// shiny. cnsge 
nomics. com/ mRnd/) [21]. HyPrColoc was further used 
to identify potential colocalization between the expo-
sures and outcomes [22].

All statistical analyses were two-sided. For the main 
analyses, a p value less than 0.003 was considered sta-
tistically significant (0.05/15, Bonferroni adjustment 
for multiple testing). A p value between 0.003 and 0.05 
was considered suggestively significant. All statistical 
analyses were performed with “TwoSampleMR” (0.5.5), 
“Mendelian randomization” (0.5.0), and “MVMR” pack-
ages [20, 23, 24].

Results
Food intakes and urolithiasis
In total, 15 exposures had enough IVs and were included 
in this study. The number of SNPs used as IVs for the 
exposures is shown in Table  1. The F-statistics of all 
exposures were all higher than 10, indicating a low risk of 
weak instrument bias.

We first assessed the causal effects of all individual food 
intake exposure on urolithiasis. Consistent with previous 
publications, tea intake was found to have a significant 
protective effect on the risk of calculus of kidney and 
ureter (odds ratio [OR] = 0.433, 95% confidence interval 
[CI] = 0.281–0.667, p value = 1.470 ×  10–4) (Fig.  2, Addi-
tional file  1: Table  S1) [25]. However, the causal effect 
disappeared when it comes to calculus of lower urinary 
tract (OR = 0.512, 95% CI = 0.179–1.460, p value = 0.330) 
(Fig. 2, Additional file 1: Table S2). The statistical power 
for the causal estimates of tea intake on calculus of 

Fig. 2 Heatmap showing the causal effects of different food intake on the risk of calculus of kidney and ureter, or calculus of lower urinary tract 
by using IVW method. IVW: inverse-variance weighted

https://shiny.cnsgenomics.com/mRnd/
https://shiny.cnsgenomics.com/mRnd/
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kidney and ureter was 63% with an OR of 0.433. Fresh 
fruit intake was also found to significantly reduce the 
risk of calculus of kidney and ureter (OR = 0.358, 95% 
CI = 0.185—0.694, p value = 0.002), and the causal asso-
ciation retained with calculus of lower urinary tract 
(OR = 0.247, 95% CI = 0.069–0.889, p value = 0.032) 
(Fig.  2, Additional file  1: Table  S1, S2). The statistical 
power was 67% to detect the effect of fresh food intake 
on calculus of kidney and ureter with an OR of 0.358, 
while the power was only 19% for the effect of fresh food 
intake on calculus of lower urinary tract with an OR of 
0.247. We performed colocalization analyses between 
fresh fruit intake and calculus of kidney and ureter/cal-
culus of lower urinary tract with HyPrColoc; however, no 
colocalization was identified. No causal correlation was 
found between dried fruit intake and either kidney stone 
or lower urinary tract stone (Fig. 2). Pork intake was also 
found to have a suggestively significant protective effect 
on the risk of calculus of lower urinary tract, but not kid-
ney and ureter (Fig. 2).

Sensitivity analyses
To test the robustness of the results, we further per-
formed several sensitivity analyses. The causal effect of 
fresh fruit intake on urolithiasis was retained in all sen-
sitivity analyses except in the association with calculus 
of kidney and ureter by using the MR-Egger method 
(OR = 0.104, 95% CI = 0.010–1.073, p value = 0.063) 
(Fig.  3, Additional file  1: Tables S3, S4, S5, S6). One 

outlier was identified by MR-PRESSO method, and 
excluding the outlier did not influence the causal asso-
ciation (Fig.  3). No horizontal pleiotropy was identified 
in the analyses with MR-Egger method (Additional file 1: 
Tables S7, S8). Heterogeneity of the MR analyses are pre-
sented in Additional file 1: Table S5 and S11. Significant 
heterogeneity (p value for Cochrane’s Q-value < 0.05) was 
identified in the MR analyses of several food intake expo-
sures on urolithiasis (Additional file 1: Table S9, S10). We 
have used a random effect model IVW method in these 
analyses which reduced the risk of bias from horizontal 
pleiotropy. SNPs used as instrumental variables for all the 
exposures, their associations with the exposures and the 
outcomes are presented in Additional file  1: Table  S11 
and S12.

Multivariable MR and reverse MR
To examine if the protective role of fresh fruit intake is 
mediated by the increased level of circulating vitamin C 
or vitamin D, we performed a MVMR analysis to adjust 
for the effects of the circulating vitamin levels. Higher 
vitamin D level was found to significantly increase the 
risk of the calculus of kidney and ureter (OR = 1.953, 
95% CI = 1.194–3.194, p value = 0.008), but not calculus 
of lower urinary tract (OR = 1.156, 95% CI = 0.516–2.590, 
p value = 0.725) (Fig.  4). Vitamin C level is not associ-
ated with urolithiasis in the MVMR analyses (Fig.  4). 
Fresh fruit intake remained to have a significant protec-
tive effect on calculus of kidney and ureter remained 

Fig. 3 Forest plot showing the causal associations between fresh fruit intake and calculus of kidney and ureter or lower urinary tract by using IVW, 
MR-Egger, WM, or MR-PRESSO methods. SNP, single-nucleotide polymorphism; IVW, inverse-variance weighted; MR, Mendelian randomization; WM, 
weighted median
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significant after adjusting for vitamin C and vitamin D 
(OR = 0.343, 95% CI = 0.14–0.837, p value = 0.019), but 
not on calculus of lower urinary tract (OR = 0.299, 95% 
CI = 0.069–1.295, p value = 0.106).

To test the possibility of reverse causality that indi-
vidual with urolithiasis may change their food choices, 
we calculated the causal effects of calculus of kidney and 
ureter on the 15 food intakes. However, we observed no 
significant causal effects with the IVW method (Addi-
tional file 1: Table S13).

Discussion
In this study, we have used two-sample MR to evaluate 
the causal relationship between a variety of food intakes 
and the risk of urolithiasis. In line with previous publica-
tions, our study supported a protective role of tea intake 
in calculus of kidney and ureter, but not in calculus of 
lower urinary tract [25, 26]. Furthermore, we have iden-
tified fresh fruit intake, instead of dry fruit intake, as a 
reverse causal factor for urolithiasis. After adjusting for 
the effect of vitamin C and vitamin D, fresh fruit intake 
remained to have a protective effect on calculus of kidney 
and ureter.

It is now well-accepted that dietary factors are crucial 
in the prevention of urolithiasis and its recurrence, even 
though the underlying mechanism is still unclear [6, 27]. 
DASH-style diet, a diet with high consumption of fruit, 
vegetables, and low-fat dairy products, has been reported 
to be associated with a decreased risk of urolithiasis [28]. 
In an observational study, large cohorts with adequate 
fluid intake, high consumption of fruits and vegetables, 
and low-fat dairy food, adequate calcium intake, showed 

a clinically meaningful reduced risk of urolithiasis [29]. 
However, most of the previous publications studied the 
effects of food intakes in combinations, and which indi-
vidual food intake is beneficial for the prevention of uro-
lithiasis is still unclear. Our MR analyses indicated that 
fresh fruit intake and tea intake generated a beneficial 
effect to prevent calculus of kidney and ureter.

One previous MR study found that tea intake was 
identified to reduce the risk of kidney stones [25]. The 
protective role of tea intake was proposed to be asso-
ciated with the high content of antioxidative chemi-
cals such as polyphenols, and caffeine that can reduce 
the adhesion of calcium oxalate crystals to the surface 
of renal tubular epithelial cells [25]. We also exam-
ined the effects of tea intake in the calculus of lower 
urinary tract. However, no causal relationship was 
identified. Our findings on fresh fruit intake are con-
sistent with previous publications that increasing fruit 
intake reduced calculus risks [4, 30]. Some publications 
reported that the beneficial effect of fruit intake on 
urolithiasis is mainly mediated by the supplementation 
of citrate and bicarbonate [31]. Alkalosis and admin-
istration of citrate can increase urine citrate secretion 
and protect against stone formation [32]. A previous 
study on both normal and stone formers proved that 
withdrawing fruit and vegetable intakes for two weeks 
significantly reduced the urinary secretion of magne-
sium, citrate, potassium, and oxalate, together with an 
increase in urinary calcium and ammonium [33]. The 
European Association of Urology (EAU) guideline has 
encouraged the consumption of fruit and vegetables in 
the prevention of urolithiasis for their high content of 

Fig. 4 Adjusted causal effects of vitamin D level, vitamin C level, and fresh fruit intake on the risk of calculus of kidney and ureter, or lower urinary 
tract after adjusting for the effects of other two exposures by MVMR analyses. SNP, single-nucleotide polymorphism; MVMR, Multivariable Mendelian 
Randomization
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fiber, even though the effect of vegetables are still under 
debate [34]. Our study may help to tailor personalized 
nutrition advice in the future, especially in the individ-
uals with risk factors of urolithiasis.

There are several advantages of this current study. 
Firstly, the MR design we employed is suitable for 
causal inference. As RCT is not optional in our condi-
tion, an MR study can strengthen the causal estimation 
while minimizing the risk of confounding biases and 
reverse causality. Besides, we have performed the MR 
in a two-sample design, which can efficiently reduce 
the risk of over-fitting and false-positive findings. 
Additionally, we have examined the associations with 
several different MR methods in the sensitivity analy-
ses, and the consistency of the results guaranteed the 
robustness of our findings. Furthermore, participants 
included in this study are constrained to the European 
population, which minimized the bias from population 
stratification. However, this also restricted the gener-
alization of our findings to other populations. Another 
restriction is that using SNPs to proxy exposures mim-
ics a life-long exposure, short-term effects of dietary 
habits may have a different effect. Besides, an impor-
tant limitation of MR analyses is possible horizontal 
pleiotropy, which means that the genetic variants might 
affect urolithiasis not via food intakes. However, no sig-
nificant pleiotropy was identified with MR-Egger analy-
ses. Besides, the causal estimates of food intakes on 
urolithiasis may still be biased by potential reverse cau-
sality. For this sake, we have performed a reverse MR 
to estimate the effects of urolithiasis on food intakes, 
while no significant effects were observed. Further-
more, we employed a MVMR method to adjust the 
effect of fresh fruit intake on urolithiasis; however, the 
causal estimations may still be biased by other potential 
confounding factors such as lifestyle, socioeconomic 
status, and comorbidities. Another limitation is that 
the proportions of variance explained by the IVs  (R2) 
are relatively low, thus null results of some associations 
do not necessarily mean that these food intakes are not 
associated with urolithiasis. Low  R2 is also associated 
with a relatively low statistical power for the MR analy-
ses. The statistical power may also be improved when 
future studies include a larger sample size and more 
cases of urolithiasis patients. Lastly, the investigation of 
food intakes was based on questionnaire investigations, 
and the accuracy of the information collection needs to 
be improved.

In conclusion, our MR study provided genetic evi-
dence that fresh fruit intake may have a causal pro-
tective effect on the risk of calculus of kidney and 
ureter, but not lower urinary tract. An increase in the 

consumption of fresh fruit may provide good preven-
tion to the development of calculus of kidney and 
ureter.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40246- 023- 00523-2.

Additional file 1. Supplementary Tables.

Acknowledgements
The authors thank all participants in the included GWAS for their 
contributions.

Author contributions
Conceptualization was done by XZ and LX; formal analysis was done by YL, 
XZ, CZ, YW, and HC; writing—original draft were done by YL, XZ, and CZ; writ-
ing—reviewing and editing were done by XZ and LX. All authors have read 
and approved the final manuscript.

Funding
This study was supported by grants from the National Natural Science Foun-
dation of China (81972374).

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article and its supplementary information files. The supplementary tables can 
be found in: https:// doi. org/ 10. 6084/ m9. figsh are. 22638 838. Summary-level 
statistics from UKBB can be downloaded from MRC Integrative Epidemiology 
Unit (IEU) website (https:// gwas. mrcieu. ac. uk/). Summary-level statistics from 
FinnGen Consortium can be downloaded from the FinnGen website (https:// 
r8. finng en. fi/).

Declarations

Ethics approval and informed consent
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 15 April 2023   Accepted: 4 August 2023

References
 1. Romero V, Akpinar H, Assimos DG. Kidney stones: a global picture of prev-

alence, incidence, and associated risk factors. Rev Urol. 2010;12:e86-96.
 2. Scales CD Jr, Smith AC, Hanley JM, Saigal CS. Urologic Diseases in 

America, P. Prevalence of kidney stones in the United States. Eur Urol. 
2012;62:160–5. https:// doi. org/ 10. 1016/j. eururo. 2012. 03. 052.

 3. Soucie JM, Thun MJ, Coates RJ, McClellan W, Austin H. Demographic and 
geographic variability of kidney stones in the United States. Kidney Int. 
1994;46:893–9. https:// doi. org/ 10. 1038/ ki. 1994. 347.

 4. Ferraro PM, Bargagli M, Trinchieri A, Gambaro G. Risk of kidney stones: 
influence of dietary factors, dietary patterns, and vegetarian-vegan diets. 
Nutrients. 2020. https:// doi. org/ 10. 3390/ nu120 30779.

 5. Monico CG, Milliner DS. Genetic determinants of urolithiasis. Nat Rev 
Nephrol. 2011;8:151–62. https:// doi. org/ 10. 1038/ nrneph. 2011. 211.

 6. Skolarikos A, Straub M, Knoll T, Sarica K, Seitz C, Petrik A, Turk C. Metabolic 
evaluation and recurrence prevention for urinary stone patients: EAU 
guidelines. Eur Urol. 2015;67:750–63. https:// doi. org/ 10. 1016/j. eururo. 
2014. 10. 029.

https://doi.org/10.1186/s40246-023-00523-2
https://doi.org/10.1186/s40246-023-00523-2
https://doi.org/10.6084/m9.figshare.22638838
https://gwas.mrcieu.ac.uk/
https://r8.finngen.fi/
https://r8.finngen.fi/
https://doi.org/10.1016/j.eururo.2012.03.052
https://doi.org/10.1038/ki.1994.347
https://doi.org/10.3390/nu12030779
https://doi.org/10.1038/nrneph.2011.211
https://doi.org/10.1016/j.eururo.2014.10.029
https://doi.org/10.1016/j.eururo.2014.10.029


Page 8 of 8Lin et al. Human Genomics           (2023) 17:89 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 7. Ferraro PM, Curhan GC, D’Addessi A, Gambaro G. Risk of recurrence of 
idiopathic calcium kidney stones: analysis of data from the literature. J 
Nephrol. 2017;30:227–33. https:// doi. org/ 10. 1007/ s40620- 016- 0283-8.

 8. Steeger CM, Buckley PR, Pampel FC, Gust CJ, Hill KG. Common 
methodological problems in randomized controlled trials of preven-
tive interventions. Prev Sci. 2021;22:1159–72. https:// doi. org/ 10. 1007/ 
s11121- 021- 01263-2.

 9. Sekula P, Del Greco MF, Pattaro C, Kottgen A. Mendelian randomization 
as an approach to assess causality using observational data. J Am Soc 
Nephrol. 2016;27:3253–65. https:// doi. org/ 10. 1681/ ASN. 20160 10098.

 10. Burgess S, Thompson SG. Mendelian randomization: methods for using 
genetic variants in causal estimation. Boca Raton: CRC Press; 2015.

 11. Smith GD, Ebrahim S. “Mendelian randomization”: Can genetic epidemiol-
ogy contribute to understanding environmental determinants of dis-
ease? Int J Epidemiol. 2003;32:1–22. https:// doi. org/ 10. 1093/ ije/ dyg070.

 12. Collins R. What makes UK Biobank special? Lancet. 2012;379:1173–4. 
https:// doi. org/ 10. 1016/ S0140- 6736(12) 60404-8.

 13. Bradbury KE, Young HJ, Guo W, Key TJ. Dietary assessment in UK Biobank: 
an evaluation of the performance of the touchscreen dietary question-
naire. J Nutr Sci. 2018;7:e6. https:// doi. org/ 10. 1017/ jns. 2017. 66.

 14. Kurki MI, Karjalainen J, Palta P, Sipilä TP, Kristiansson K, Donner K, Reeve 
MP, Laivuori H, Aavikko M, Kaunisto MA, et al. FinnGen: unique genetic 
insights from combining isolated population and national health register 
data. MedRxiv. 2022. https:// doi. org/ 10. 1101/ 2022. 03. 03. 22271 360.

 15. Larsson SC, Burgess S, Michaelsson K. Association of genetic variants 
related to serum calcium levels with coronary artery disease and myo-
cardial infarction. JAMA. 2017;318:371–80. https:// doi. org/ 10. 1001/ jama. 
2017. 8981.

 16. Burgess S, Butterworth A, Thompson SG. Mendelian randomization 
analysis with multiple genetic variants using summarized data. Genet 
Epidemiol. 2013;37:658–65. https:// doi. org/ 10. 1002/ gepi. 21758.

 17. Bowden J, Davey Smith G, Burgess S. Mendelian randomization with 
invalid instruments: effect estimation and bias detection through Egger 
regression. Int J Epidemiol. 2015;44:512–25. https:// doi. org/ 10. 1093/ ije/ 
dyv080.

 18. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estima-
tion in mendelian randomization with some invalid instruments using a 
weighted median estimator. Genet Epidemiol. 2016;40:304–14. https:// 
doi. org/ 10. 1002/ gepi. 21965.

 19. Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal 
pleiotropy in causal relationships inferred from Mendelian randomization 
between complex traits and diseases. Nat Genet. 2018;50:693–8. https:// 
doi. org/ 10. 1038/ s41588- 018- 0099-7.

 20. Sanderson E, Spiller W, Bowden J. Testing and correcting for weak and 
pleiotropic instruments in two-sample multivariable Mendelian randomi-
zation. Stat Med. 2021;40:5434–52. https:// doi. org/ 10. 1002/ sim. 9133.

 21. Brion MJ, Shakhbazov K, Visscher PM. Calculating statistical power in 
Mendelian randomization studies. Int J Epidemiol. 2013;42:1497–501. 
https:// doi. org/ 10. 1093/ ije/ dyt179.

 22. Foley CN, Staley JR, Breen PG, Sun BB, Kirk PDW, Burgess S, Howson JMM. 
A fast and efficient colocalization algorithm for identifying shared genetic 
risk factors across multiple traits. Nat Commun. 2021;12:764. https:// doi. 
org/ 10. 1038/ s41467- 020- 20885-8.

 23. Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, Laurin C, 
Burgess S, Bowden J, Langdon R, et al. The MR-Base platform supports 
systematic causal inference across the human phenome. Elife. 2018. 
https:// doi. org/ 10. 7554/ eLife. 34408.

 24. Yavorska OO, Burgess S. MendelianRandomization: an R package for 
performing Mendelian randomization analyses using summarized data. 
Int J Epidemiol. 2017;46:1734–9. https:// doi. org/ 10. 1093/ ije/ dyx034.

 25. Liu D, Wang J, Chen Y, Liu F, Deng Y, Wang M. Tea intake and risk of kidney 
stones: a mendelian randomization study. Nutrition. 2023;107:111919. 
https:// doi. org/ 10. 1016/j. nut. 2022. 111919.

 26. Liu W, Wang M, Liu J, Yan Q, Liu M. Causal effects of modifiable risk factors 
on kidney stones: a bidirectional Mendelian randomization study. BMC 
Med Genom. 2023;16:82. https:// doi. org/ 10. 1186/ s12920- 023- 01520-z.

 27. Prezioso D, Strazzullo P, Lotti T, Bianchi G, Borghi L, Caione P, Carini M, 
Caudarella R, Ferraro M, Gambaro G, et al. Dietary treatment of urinary risk 
factors for renal stone formation. A review of CLU Working Group. Arch 
Ital Urol Androl. 2015;87:105–20. https:// doi. org/ 10. 4081/ aiua. 2015.2. 105.

 28. Taylor EN, Fung TT, Curhan GC. DASH-style diet associates with reduced 
risk for kidney stones. J Am Soc Nephrol. 2009;20:2253–9. https:// doi. org/ 
10. 1681/ ASN. 20090 30276.

 29. Ferraro PM, Taylor EN, Gambaro G, Curhan GC. Dietary and lifestyle risk 
factors associated with incident kidney stones in men and women. J Urol. 
2017;198:858–63. https:// doi. org/ 10. 1016/j. juro. 2017. 03. 124.

 30. Turney BW, Appleby PN, Reynard JM, Noble JG, Key TJ, Allen NE. Diet and 
risk of kidney stones in the Oxford cohort of the European Prospec-
tive Investigation into Cancer and Nutrition (EPIC). Eur J Epidemiol. 
2014;29:363–9. https:// doi. org/ 10. 1007/ s10654- 014- 9904-5.

 31. Siener R, Ebert D, Nicolay C, Hesse A. Dietary risk factors for hyperoxaluria 
in calcium oxalate stone formers. Kidney Int. 2003;63:1037–43. https:// doi. 
org/ 10. 1046/j. 1523- 1755. 2003. 00807.x.

 32. Zuckerman JM, Assimos DG. Hypocitraturia: pathophysiology and medi-
cal management. Rev Urol. 2009;11:134–44.

 33. Meschi T, Maggiore U, Fiaccadori E, Schianchi T, Bosi S, Adorni G, Ridolo E, 
Guerra A, Allegri F, Novarini A, et al. The effect of fruits and vegetables on 
urinary stone risk factors. Kidney Int. 2004;66:2402–10. https:// doi. org/ 10. 
1111/j. 1523- 1755. 2004. 66029.x.

 34. Gambaro G, Tzelves L, Skolarikos A, Kanbay M, Ortiz A, Cozzolino MJNDT. 
The new guidelines of the European Association of Urology on Urolithi-
asis: the urology–nephrology intersection, vol. 38. Oxford: Oxford Univer-
sity Press; 2023. p. 258–60.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1007/s40620-016-0283-8
https://doi.org/10.1007/s11121-021-01263-2
https://doi.org/10.1007/s11121-021-01263-2
https://doi.org/10.1681/ASN.2016010098
https://doi.org/10.1093/ije/dyg070
https://doi.org/10.1016/S0140-6736(12)60404-8
https://doi.org/10.1017/jns.2017.66
https://doi.org/10.1101/2022.03.03.22271360
https://doi.org/10.1001/jama.2017.8981
https://doi.org/10.1001/jama.2017.8981
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1002/sim.9133
https://doi.org/10.1093/ije/dyt179
https://doi.org/10.1038/s41467-020-20885-8
https://doi.org/10.1038/s41467-020-20885-8
https://doi.org/10.7554/eLife.34408
https://doi.org/10.1093/ije/dyx034
https://doi.org/10.1016/j.nut.2022.111919
https://doi.org/10.1186/s12920-023-01520-z
https://doi.org/10.4081/aiua.2015.2.105
https://doi.org/10.1681/ASN.2009030276
https://doi.org/10.1681/ASN.2009030276
https://doi.org/10.1016/j.juro.2017.03.124
https://doi.org/10.1007/s10654-014-9904-5
https://doi.org/10.1046/j.1523-1755.2003.00807.x
https://doi.org/10.1046/j.1523-1755.2003.00807.x
https://doi.org/10.1111/j.1523-1755.2004.66029.x
https://doi.org/10.1111/j.1523-1755.2004.66029.x

	Mendelian randomization analysis reveals fresh fruit intake as a protective factor for urolithiasis
	Abstract 
	Objective 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study design
	Data sources
	Genetic instrument selection
	Statistical analysis

	Results
	Food intakes and urolithiasis
	Sensitivity analyses
	Multivariable MR and reverse MR

	Discussion
	Anchor 18
	Acknowledgements
	References


