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Abstract

Purpose The association between tea consumption and kidney stones is inconsistent in observational studies. Thus, we
performed a dose-response meta-analysis of prospective cohort studies and a two-sample Mendelian randomization (MR)
analysis to identify this association.

Methods The prospective cohort studies reporting the relationship between tea consumption and kidney stones were searched
from PubMed, the Cochrane Library, EMBASE, and Web of Science from inception to December 1, 2023. For MR analysis,
the summary-level data for tea consumption and kidney stones were extracted from the UK Biobank available data and the
8th release of the FinnGen consortium, respectively. The inverse-variance weighted (IVW) method was the primary analyti-
cal method.

Results In our dose-response meta-analysis, four prospective cohort studies involving 1,263,008 participants were included,
and tea consumption was found to have significant associations with kidney stones (RR: 0.80, 95% CI: 0.73-0.87). We also
observed a substantially linear negative relationship between tea consumption and the risk of kidney stones. In MR analysis,
the IVW method indicated that tea consumption was inversely associated with kidney stones (OR: 0.71, 95% CI: 0.53-0.94).
Conclusion Our study confirmed a causal relationship between tea consumption and kidney stones, and higher tea consump-
tion may reduce the risk of kidney stones.

Keywords Tea consumption - Kidney stones - Dose-response meta-analysis - Mendelian randomization

Introduction

Kidney stone is the most common urological disease affect-
ing a large proportion of the population. Previous studies
have shown that the prevalence of kidney stones in mainland
China is 7.54%, and in the United States, approximately 11%
of the population suffers from kidney stones [1, 2]. Accord-
ing to the latest Global Burden of Disease study, more than
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115 million kidney stones occurred worldwide in 2019 [3].
In addition to high incidence rates, it is also characterized
by high recurrence rates. It is estimated that about 50% of
patients would relapse within 5 to 7 years after the first
occurrence [4]. The high recurrence rate of kidney stones
and the high rate of surgical intervention not only impose a
huge economic burden but also seriously decline the quality
of life for patients [5]. Therefore, prevention work is critical
for kidney stones.

Previous studies have revealed that increased fluid
intake could reduce the risk of kidney stones [6, 7]. As
one of the most popular beverages worldwide, tea contains
many bioactive components, which has attracted much
attention for its potential health effects [8, 9]. Many stud-
ies have explored the association between tea consumption
and kidney stones [10—14]. However, much of the evidence
is equivocal and inconsistent. A meta-analysis based on 3
studies showed that the relationship between tea consump-
tion and kidney stones was borderline nonlinear, with a 4%
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decrease in the risk of kidney stones for each 110 ml/day
increase in tea consumption [15]. Nevertheless, most data
in this review were derived from cross-sectional studies.

In observational studies, the results could be affected by
confounders, reverse causation, and other biases. To avoid
these limitations, we used Mendelian randomization (MR)
analysis. MR is an approach in genetic epidemiology,
which utilizes genetic variants as instrumental variables
(IVs) to investigate the causal effect between exposure
and outcome [16]. Like randomized controlled trials,
the genetic variants are randomly assigned during
meiosis. Furthermore, the development of disease and
environmental factors cannot influence genetic variants.
Consequently, this approach can reduce the impact of
confounding factors and diminish reverse causality [16].
Two recent MR studies have demonstrated that obesity
and diabetes can increase the risk of kidney stones, and
coffee and caffeine consumption have been associated with
a decreased risk of kidney stones [17, 18].

This study aims to comprehensively investigate the
association between tea consumption and kidney stones.
First, we performed a dose-response meta-analysis
of cohort studies to quantify this association. Second,
we used MR analysis to identify the potential causal
association between tea consumption and kidney stones
from a genetic perspective.

Method
Dose-response meta-analysis
Search strategy

This meta-analysis has been registered on the INPLASY
website (number: INPLASY202330115), and it was
reported following the PRISMA guidelines [19]. We
systematically searched the relevant studies using
PubMed, the Cochrane Library, EMBASE, and Web of
Science through December 1, 2023. The search terms are
shown in Supplementary Material 1. The references list
of identified papers and review papers were also searched.
Two authors independently selected the studies, and the
studies met the following criteria were included in this
meta-analysis: (1) the study was designed as a prospective
cohort study; (2) the study investigated the association
between tea consumption and kidney stones; (3) the study
reported the distribution of person-years or total person-
years, and (4) hazard ratio (HR) with 95% confidence
intervals (Cls) were reported for at least 3 levels of tea
consumption.
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Data extraction

The data extraction processes and quality assessment
were independently performed by two authors (Hao Yu
and Zewu Zhu) and the disagreements were solved by a
third author (Jian Wu). We collected the relevant data as
follows from the full-text papers: the first author’s last
name, publication year, country, the total number of
participants, sex, total person-years, median follow-up
years, the potential confounding factors adjusted in the
multivariable analysis, and the HRs with 95% Cls for each
level of tea consumption. The study quality was assessed
using the Newcastle—Ottawa Scale (NOS) [20].

Mendelian randomization analysis

The study design overview is shown in Fig. 1B. We con-
ducted a two-sample MR analysis utilizing publicly avail-
able genome-wide association study (GWAS) datasets. The
original study had obtained ethical approval and informed
consent.

Genetic instruments for exposure

Like the previous study [21], we acquired IVs for tea
consumption from the Neale Lab (http://www.nealelab.
is/uk-biobank, GWAS round 2), which recruited 349,376
participants from the UK Biobank. All single-nucleotide
polymorphisms (SNPs) associated with tea consumption
at the genome-wide significance threshold (p <5x 107%)
were deemed as IVs. The clumping process (R?<0.001,
clumping distance = 10,000 kb) was employed to confirm
the independence of selected SNPs. Subsequently, 19
independent SNPs were identified, which was consistent
with a prior study [21]. To eliminate potential pleiotropic
effects, the phenotypes of each SNP were scrutinized
through the PhenoScanner database, and SNPs associated
with phenotypes linked to kidney stones (BMI [17],
diabetes [17], coffee [18], and caffeine consumption
[18]) were excluded. Moreover, we used F-statistic
(F-statistic = Beta’/SE?) to evaluate the strength of
IVs [22]. If F-statistic < 10, it was considered a weak
instrument that could bias the results [23]. Consequently,
SNPs with an F-statistic greater than 10 were ultimately
selected.

Genetic summary data for kidney stones

In our study, the summary-level data for kidney and ureteral
stones were extracted from the 8th release of the FinnGen
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Fig.1 Study design overview. A Flowchart of the literature search. B Analysis process of Mendelian randomization study

consortium [24]. The 8th release of the FinnGen consortium
data concluded 8,597 cases and 333,128 controls.

Statistical analysis
Dose-response meta-analysis

A random effect model was used to calculate the summary
RR and 95% CI for the highest versus lowest level of tea
consumption. In cohort studies, HRs could be considered
equivalent to relative risks (RRs). We used the Cochran Q
test and I? statistic to evaluate the heterogeneity. Sensitivity
analysis was conducted by sequentially omitting one
study at a time to assess the stability of the results. We
also performed a subgroup analysis based on geographic
region to check for the potential source of heterogeneity.
The publication bias could not be identified if less than 10
studies were included in the meta-analysis. Based on the
method described by Greenland and Orsini et al. [25, 26],
we further conducted a dose-response meta-analysis. This
method requires the distribution of person-years. If the
person-years in each exposure category were not reported,
these data would be estimated from the total person-years.
We used the midpoint of each category as the average level,
since none of the selected studies provided a median or mean
value. If the lowest category was open, we considered the
lower boundary to be zero, while the highest category was
open, we assumed the midpoint of the highest category to
be 1.5 times that of the closest category. As different studies
reported different exposure categories, we normalized
these different exposure categories as one cup for each day.

Consistent with a prior study, we defined 125 mL/day or
150 g/month as one cup/day [27]. Furthermore, the nonlinear
dose-response relationship between tea consumption and
risk of kidney stones was evaluated using a restricted cubic
splines model with 3 knots at the percentiles 10, 50, and
90% of tea consumption distribution. All analyses were done
with the use of R (version 4.0.5) software with the packages
“dosresmeta”, “mvmeta”, “rms”’, “Hmisc”, and “Metafor”.

EL) “

Mendelian randomization analysis

Six different methods were used in this MR study: Inverse-
variance weighted (IVW), MR-Egger, weighted median,
Maximum likelihood, constrained maximum likelihood
and model averaging (cML-MA), and robust adjusted
profile score (MR-RAPS). In our study, the IVW method
was applied as the primary analysis method (the selection of
the random-effects model or fixed-effects model depended
on the results of Cochrane’s Q test), and other methods were
employed to detect the robustness of our results.

Heterogeneity among estimates for each SNP was
assessed using Cochran’s Q test. If Q_pvalue > 0.05,
the IVW method based on the fixed-effects model was
performed; otherwise, choose the random-effects model. The
MR-PRESSO method was utilized to identify and correct for
outliers, thus improving the reliability of the results [28]. To
evaluate the horizontal pleiotropy of IVs, we employed both
the ME-Egger intercept test and the MR-PRESSO global
test. Furthermore, we performed leave-one-out analyses to
visualize the influence of a single SNP on results.
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The reverse MR analysis was further performed to assess
the potential causal relationship between kidney stones
(exposure) and tea consumption (outcome) to rule out
interference from reverse causation.

The association with the p value <0.05 was regarded
as a significant association. All analyses were conducted
using the “TwoSampleMR (0.5.6)”, and “phenoscaner (1.0)”
packages in R (version 4.0.5).

Results
Dose-response meta-analysis

Figure 1A shows the flowchart of the literature search.
Finally, 4 studies were included in our meta-analysis, which
included 7 cohorts and 1,263,008 participants [6, 12, 29, 30].
The main characteristics extracted from the whole included
studies are shown in Table S1, and in our meta-analysis, all
studies were assessed as low risk of bias, since the NOS
scores were higher than 7.

The summary RR for the highest versus lowest catego-
ries of tea consumption is shown in Fig. 2A. The pooled
results indicated that higher tea consumption was likely
to be a protective factor for kidney stones (RR: 0.80, 95%
CI: 0.73-0.87). Heterogeneity could be detected across the
included studies (I*=58%). To verify the heterogeneity, we
further performed a stratified analysis based on different
study locations, and the results showed that heterogeneity
mainly existed in the China subgroup (I>=41%). Further-
more, the sensitive analysis showed that the pooled RRs
were not substantially affected by any single study, with the
RRs and 95% ClIs ranging from 0.78 (0.69-0.88) to 0.83
(0.80-0.87) (Figure S1). We could not assess the publica-
tion bias due to the small number of included studies (< 10).

As for dose-response analysis, we observed an almost
linear association between tea consumption and the risk
of kidney stones. Compared with no tea consumption,
the estimated RRs for the risk of kidney stones were 0.97
(0.93-1.01) for 1 cup/day, 0.95 (0.89-1.00) for 2 cups/day,
0.93 (0.87-0.99) for 3 cups/day, 0.92 (0.87-0.98) for 4
cups/day, 0.91 (0.86-0.97) for 5 cups/day, 0.90 (0.86-0.95)
for 6 cups/day, 0.90 (0.86-0.94) for 7 cups/day, and 0.89
(0.86-0.92) for 8 cups/day of tea consumption (Fig. 2B).

Mendelian randomization analysis

There were 12 SNPs included in our analysis, the detailed
information on SNPs is provided in Table S2. The deleted
SNPs associated with confounders are described in Table S3.

As shown in Fig. 3 and Figure S2, the estimated results
of IVW, weighted median, maximum likelihood, cML-MA-
BIC, and MR-RAPS method were consistent, which indi-
cated that genetically predicted tea consumption was asso-
ciated with a decreased risk of kidney stones. MR-Egger
provided similar trends of effects, but the 95% Cls were
broader and not statistically significant.

The results of the sensitivity analysis are summarized in
Table 1. No heterogeneity was detected based on Cochran’s

Method Nsnp OR (95% Cl)
VW 12 —— 0.65 (0.50-0.83) **
MR Egger 12 <«——@——— 0.69(0.24-1.98)
Weighted median 12 —— 0.71 (0.54-0.95) *
Maximum likelihood 12 . i 0.64 (0.52-0.78) **
cML-MA-BIC 12 [ i 0.65 (0.52-0.81) **
MR-RAPS 12 —.— 0.68 (0.54-0.85) **

Fig.3 Associations of genetically predicted tea consumption with
risk of kidney stones. OR odds ratio, CI confidence interval. * <0.05;
**<0.01

(A) Author&Year RR (95% Cl)  Weight (B)
Study location i 1007
China X
Wang, 2021 —— : 0.73 (0.64-0.84) 18.20%
Shu, 2018 W +———a———1 (.87 (0.70-1.08) 10.70%
Shu, 2018 M~ F——e—t : 067 (0.56-0.80) 13.80% & 096 -
Subtotal RR ——— : 074 (0.65-0.84) 4270% &
Heterogeneity: I? = 41% : 2
Others 1 %
Littiejohns, 2019 —_— 0.85 (0.78-0.92) 26.30% 000
Ferraro, 2013 e : 0.84 (0.80-0.88) 31.00%
Subtotal RR v : 0.84 (0.81-0.88) 57.30%
Heterogeneity: I? = 0% |
Total RR —— : 0.80 (0.73-0.87)  100%
Heterogeneity: I? = 58% : (I] ‘II é é Alt é é ; é
O.IS 0?6 0F7 0?8 0?9 % 1?1 Tea consumption (cups/day)

Fig.2 The results of meta-analysis. A Forest plot of tea consumption and relative risk of kidney stones (highest versus lowest level). B Dose—
response relationship between tea consumption and relative risk of kidney stones
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Table 1 Sensitivity analyses for MR analysis
SNPs  Pleiotropy test Heterogeneity test MR-PRESSO
MR-Egger VW
Intercept pvalue Q Q.df Q_pval Q Q.df Q_pval OR(95%CI) pvalue P forglobaltest Outlier
12 —-0.003 0910 17.81 10 0.058 17.83 0.085 NA NA 0.109 0

SNPs Single-nucleotide polymorphisms, /VW Inverse-variance weighted, O heterogeneity statistic Q, df degree of freedom, MR-PRESSO
MR-pleiotropy residual sum and outlier, OR Odds ratio, CI Confidence interval, NA Not available

0 test (Q_pvalue > 0.05). Moreover, both the MR-Egger
regression intercept test (p =0.910>0.05) and the MR-
PRESSO global test (p for global test>0.05) indicated the
absence of horizontal pleiotropy in this study. No outlier
was detected by the MR-PRESSO method, and the result
was the same as the IVW method. Additionally, the “Leave-
one-out” analysis demonstrated that none of the single SNP
significantly influenced the results, which indicated that our
results were reliable (Figure S3).

As shown in Table S4, 10 SNPs identified as IVs for
kidney stones were included in the reverse MR analysis.
Based on the results of the IVW, there was no reverse causal
relationship between kidney stones and tea consumption.

Discussion

To the best of our knowledge, the present study is the first
to investigate the relationship between tea consumption and
kidney stones by combining dose-response meta-analysis
and MR analysis. We observed a preventive effect of tea
consumption on kidney stones. The results of the meta-
analysis, MR analysis, and additional validation analysis
were consistent, demonstrating the reliability of our findings.

Previous observational studies on the association between
tea consumption and kidney stones are inconsistent. The
recent case—control study showed that people who consumed
more than 4 cups/day of tea faced a higher risk of kidney
stones compared to those who consumed less than 2 cups/
day (OR: 2.73; 95% CI: 1.50-4.99) [11]. Similarly, a cross-
sectional study conducted in northern China indicated that
tea consumption increased the risk of kidney stones [14].
Conversely, a prospective cohort study based on the UK
Biobank suggested that higher tea consumption was related
to a lower risk of kidney stones [6]. Another prospective
cohort study involving middle-aged and elderly Chinese
individuals found that green tea intake was associated with
a decreased risk of incident kidney stones [30]. Only one
prior meta-analysis has investigated the dose-dependent
relationship between tea consumption and kidney stones
and observed a protective effect of tea when the partici-
pants consumed more than 250 mL/day [15]. It is pertinent
to mention that this preceding dose—response meta-analysis

encompassed solely three studies where just one was a
cohort study. In contrast, our meta-analysis included four
cohort studies that used large sample size, which could
increase the statistical power to detect potential associations.
Our meta-analysis identified moderate heterogeneity, with
subgroup analysis indicating that this heterogeneity was
mainly observed within the Chinese cohort. This variation
may be related to factors, such as living environment,
lifestyle, and dietary pattern. Previous literature has reported
rural residency as a risk factor for kidney stones within
the Chinese population [31]. Further sensitivity analysis
identified that the main source of heterogeneity was the
study conducted by Shu et al. [30]. Notably, Shu et al.’s
study only included the participants in Shanghai, a major
urban center in China. Additionally, the individuals in this
study were middle-aged and elderly, while the other three
studies did not. Removal of this study from the meta-analysis
resulted in a pooled RR of 0.83 (95% CI: 0.80-0.87), and
the heterogeneity was reduced to a mild level (I =25%),
which suggested a preventive effect of tea consumption for
kidney stones. However, due to the small number of included
studies in our meta-analysis, additional well-designed,
prospective, and multi-center studies with a large cohort of
participants are required to valid our findings in the future.
The MR analysis found genetic support that tea
consumption was related to the decreased risk of kidney
stones. In the MR study, there were three assumptions
must be met. First, the IVs should be strongly linked to
the exposure. Second, the IVs should be independent
of the confounders of exposure and outcome. Third, IVs
affect the outcome only through exposure. In accordance
with assumption 1, we selected the independent SNPs
with genome-wide significant threshold (p=5x107%)
related to tea consumption as IVs. To satisfy assumption
2, we identified and excluded SNPs associated with
known confounding factors, including BMI, diabetes,
caffeine consumption, and coffee intake, by referencing
the PhenoScanner database for second phenotypes related
to each SNP. As for assumption 3, both the MR-Egger
regression intercept test and the MR-PRESSO global test did
not provide evidence of horizontal pleiotropy in our study.
Some potential mechanisms support our findings. On
the one hand, fluid intake would increase with increasing
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tea intake, which has been regarded as an effective
method to prevent kidney stones [32]. On the other hand,
tea contains caffeine, which has been reported to lower
the risk of kidney stones [18]. Caffeine acts as a natural
diuretic, promoting increased daily fluid intake and urine
flow rate, both of which are major protective factors
against kidney stone development [33]. Additionally,
in vitro evidence suggests that caffeine can decrease the
crystal-binding capacity of renal tubular epithelial cells,
thus preventing kidney stone formation [34]. Furthermore,
a study involving ten participants demonstrated that the
consumption of black tea can increase urinary citrate
levels, which is an important inhibitor of calcium stone
formation [35]. Moreover, basic research has shown
that tea polyphenols can mitigate the damage caused by
CaOx crystals to human renal proximal tubular epithelial
(HK-2) cells by reducing oxidative stress [36]. Tea
polysaccharides have also been found to repair damaged
HK-2 cells and inhibit the formation and recurrence of
calcium oxalate kidney stones by inhibiting the adhesion
of calcium oxalate crystals [37].

This study possessed both advantages and limitations.
There are two main strengths in our study. First, our
meta-analysis only included prospective cohort studies,
which could minimize the influence of reverse causation
and other biases. Second, we further performed an MR
analysis, and the results were consistent with the meta-
analysis, which strengthened the reliability of our results.
Furthermore, the reverse MR analysis revealed no evidence
of a reverse causal relationship between tea consumption
and kidney stones. However, several limitations must be
considered. First, owing to the limited number of studies
integrated into our meta-analysis, we were unable to
assess the presence of publication bias. Second, as for MR
studies, horizontal pleiotropy is a significant limitation.
Despite excluding the SNPs associated with confounding
factors, the potential impact of pleiotropy cannot be
entirely ignored. Nevertheless, both the MR-Egger
regression intercept test and the MR-PRESSO global
test provided limited evidence of horizontal pleiotropy.
Additionally, the "Leave-one-out" analysis confirmed
the robustness of our findings. Third, due to the lack of
GWAS data from other population, the MR analysis only
included individuals of European ancestry, which could
reduce the generalizability of the results of MR analysis
to other populations. Thankfully, our meta-analysis, which
included studies from three different countries, yielded
similar results to the MR analysis. Finally, we were unable
to assess the influence of different types of tea on kidney
stone formation due to a lack of specific information
about tea varieties. Further rigorously designed studies
are needed to corroborate our findings.
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Conclusion

Altogether, the dose-response meta-analysis and MR
analysis support tea consumption as a potential protective
factor for kidney stones and increasing tea consumption
may serve as a preventive strategy for kidney stones.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11255-023-03918-1.
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