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A B S T R A C T

Background: Non-alcoholic fatty liver disease (NAFLD) is a major global health problem due to its great disease 
and economic burdens. Tea is a popular beverage consumed by billions of people.
globally owing to its health benefits. However, the evidence regarding the association between tea intake and 
NAFLD risk is inconsistent.
Objective: To examine the genetically predicted causal association between tea intake and NAFLD risk using the 
two-sample Mendelian randomization (MR) method.
Methods: Single-nucleotide polymorphisms (SNPs) strongly associated with tea intake were obtained from a large 
dataset (N = 447,485) in the UK biobank, and summary-level genetic data for NAFLD (2,275 cases and 375,002 
controls) were collected from the FinnGen consortium. The two-sample MR method was used to investigate the 
causal association between tea intake and NAFLD risk. The random-effects inverse-variance weighted (IVW) was 
used as the primary approach for estimating the causal effect, and MR Egger, weighted median, simple mode, and 
weighted mode were used to verify the robustness of the primary results.
Results: Twenty-four valid SNPs were selected as the instrumental variables for tea intake. The IVW results 
indicated that tea intake was not causally associated with NAFLD risk (Odds ratio: 1.48; 95 % confidence in-
terval: 0.64, 3.43; p = 0.364); moreover, the results from other methods were consistent with this finding. A 
leave-one-out analysis further demonstrated the robustness of our results. No evidence of heterogeneity, outliers, 
or horizontal pleiotropy was found.
Conclusion: Our results do not support tea intake being causally associated with a decreased risk of NAFLD.

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a hepatic manifestation 
of metabolic syndrome and is thought to result from the complex in-
teractions among dysregulated metabolism, imbalanced gut microbiota, 
and pathological immune responses [1]. NAFLD includes a range of liver 
diseases, from pure non-alcoholic fatty liver and non-alcoholic 

steatohepatitis to the associated fibrosis and cirrhosis; some patients 
even progress to end-stage liver disease and hepatocellular carcinoma 
[2,3]. NAFLD comes with heavy disease and economic burdens and has 
become a major global health problem worldwide [4–6]. According to 
the most recent epidemiological data [4], NAFLD affects 20–25 % of the 
general global population. A recent study [2] found that NAFLD occurs 
in approximately 30 % of the general population in China, making it the 
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leading cause of chronic liver disease in the country. Moreover, NAFLD 
is often associated with multiple chronic diseases (notably, obesity and 
type 2 diabetes), and in some cases, patients with NAFLD have a poor 
prognosis [6,7]. One prospective study [7] demonstrated that NAFLD 
was associated with all-cause mortality in adult patients and was 
increased with the fibrosis stage. In addition, a recent systematic review 
reported high direct medical and societal burdens for non-alcoholic 
steatohepatitis [6]. In fact, the national direct annual medical costs of 
NAFLD are estimated to be $103 billion in the United States and £5.24 
billion in the United Kingdom [7].

Tea is a popular beverage worldwide that has been around for 
thousands of years. Some of the ingredients in tea, such as catechins and 
polyphenols, have pharmacological properties and are often used as 
health food supplements [8,9]. Several studies [10–14] suggested that 
tea intake is associated with improvements in various health outcomes 
such as hypertension, diabetes, NAFLD, and cognitive function. A 
meta-analysis of randomized controlled trials (RCTs) reported the 
beneficial effects of black tea on systolic blood pressure and a reduction 
in the incidence of diabetes by green tea [12]. Moreover, mechanistic 
studies [10,14] have shown that the catechins in green tea can alleviate 
NAFLD incidence and progression due to their antioxidant, hypolipi-
demic, thermogenic, and anti-inflammatory actions. However, a 
recently published cross-sectional study [15] found that daily tea con-
sumption was not associated with newly diagnosed NAFLD in Chinese 
adults. Given that the results on the association between tea intake and 
NAFLD risk are conflicting, while concurrently traditional observational 
studies are often susceptible to confounding effects and reverse causality 
[16,17]. When using observational data [18], it is necessary to use 
reliable methods to determine the causal effects of tea drinking on 
NAFLD risk.

Evaluating the genetically predicted causal association between 
exposure factors and outcomes has become possible due to the rapid 
development of -omics technology and the publication of large-sample 
genome-wide association studies (GWAS) [18]. For instance, there is a 
plethora of GWAS that have observed a statistical association between 
specific genetic polymorphisms and the consumption of certain aliments 
and drinks, such as tea consumption [19]. In that context, Mendelian 
randomization (MR) is a method that uses genetic variants, such as 
single nucleotide polymorphisms (SNPs), as instrumental variables to 
examine causal associations between exposure factors and outcomes 
[20,21]. According to the Mendelian laws of inheritance, alleles from 
parents are assigned randomly to offspring when gametes are formed; 
thus, the relationship between genetic variation and disease is not 
generally affected by traditional confounding factors, such as the growth 
environment, socioeconomic status, or behavioral factors [21,22]. In 
addition, genetic variation comes from the parents and remains un-
changed after birth. Genotype determines phenotype, and genotype is 
associated with a disease through phenotype; therefore, causal tempo-
rality is reasonable [17]. In recent years, this approach has been widely 
adopted and applied to investigate the causal relationships between 
different exposure factors and health outcomes [23–25]; of note, using 
“‘Mendelian randomization’[Title/Abstract]” as a search strategy, more 
than 6,000 relevant publications have been published in PubMed until 
August 17, 2023. For example, Jin et al. [23] used the MR method and 
found no causal association between tea intake and migraine risk. To the 
best of our knowledge, no studies have used the MR method to inves-
tigate the causal association between tea intake and NAFLD risk. Thus, 
this study aims to investigate the causal effect of tea intake on NAFLD 
risk using the two-sample MR method to provide new insights into the 
prevention and treatment of NAFLD.

2. Material and methods

2.1. Study design

To investigate genetically predicted causal associations between tea 

intake and NAFLD risk, this study utilizes a two-sample MR design based 
on publicly available summary statistics from large-scale GWAS. For this 
MR analysis, tea intake was considered the exposure, and NAFLD risk 
was the outcome. Genetic variants (i.e., SNPs) that were significantly 
associated with exposure were used as instrumental variables to 
examine the potential causal effects of tea intake on NAFLD risk. Our 
selection of instrumental variables strictly adhered to the requirements 
of an MR analysis [20,26] (Fig. 1). Specifically, the instrumental vari-
ables fulfilled the following three critical assumptions: (1) relevance 
assumption: the genetic variant must be significantly associated with the 
exposure; (2) independence assumption: the genetic variant must not be 
associated with any confounders of the exposure-outcome association; 
(3) exclusion assumption: the genetic variant can affect the outcome 
only through the exposure [20,26]. Ethical approval was waived 
because only GWAS summary data from publicly available databases 
were used.

2.2. Data sources

Tea intake was considered the exposure in this study, and summary 
statistics (“ukb-b-6066”, https://gwas.mrcieu.ac.uk/) were obtained 
from the UK biobank. This dataset was published in 2018, and contains a 
total of 447,485 males and females of European ancestry, and it includes 
nearly ten million (i.e., 9,851,867) SNPs. Information regarding tea 
intake was obtained from a specific food frequency questionnaire, based 
on which the participants were asked to answer the following question: 
“How many cups of tea do you drink each day? (Include black and green 
tea),” while the intake was treated as a continuous measurement using 
cups/day [23]. NAFLD risk was considered an outcome for this study. To 
avoid sample overlap, a key aspect should be considered when con-
ducting a two-sample MR analysis, between the exposure and the 
outcome, we obtained the genetic associations of NAFLD risk from 
FinnGen database (https://www.finngen.fi/fi). The dataset used in our 
study was the from the FinnGen R9 release, and this dataset contains 2, 
275 cases and 375,002 controls of European ancestry [27].

2.3. Selection of genetic instruments for tea intake

Valid SNPs were selected based on the following steps: (1) to select 
SNPs strongly associated with tea intake, the genome-wide significance 
level was set at p < 5 × 10− 8 [28]; this step was utilized to meet the first 
assumption of the MR approach; (2) linkage disequilibrium clumping 
(r2 < 0.001, region size = 10,000 kb) was conducted to guarantee the 
independence of different SNPs. Additionally, the exposure and outcome 
data were harmonized; (3) F-statistics were calculated to evaluate the 
strength of the SNPs as instrumental variables, for which the F-statistics 
< 10 of the SNPs were considered as weak instrumental variables and 
were removed, and for which the following calculation formula was 
used [25]: F = beta2/se2, where beta is the effect size of the SNP on the 
exposure, and se is the standard error of the genetic effect; (4) SNPs that 
were associated directly with the outcome at p < 5 × 10− 8 were 
excluded to meet the exclusion assumption [28]; (5) using default 

Fig. 1. Analysis model of the Mendelian randomization analysis.
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parameters (r2 > 0.8, p < 1 × 10− 8, and genome build by GRCh37), 
PhenoScanner V2 (http://www.phenoscanner.medschl.cam.ac.uk/) 
was searched to exclude SNPs that were significantly related to potential 
confounding factors such as body mass index, body weight, hip/waist 
circumference, and hypertension [28], and in so doing, in order to meet 
the independence assumption of the MR approach.

2.4. Statistical analysis

First, the Wald ratio method was used to evaluate the genetically 
predicted causal effects of single SNPs on NAFLD [29]. Then, five 
mainstream statistical methods were used to pool the effects of the in-
dividual SNPs. Of these, the random-effect inverse variance-weighted 
(IVW) method is widely recognized as the most effective when SNPs 
are valid and lack horizontal pleiotropy [25,28]. Therefore, IVW was 
used as the main method for our study, and the MR Egger, weighted 
median, simple mode, and weighted mode methods were used to verify 
the results of the analysis. The weighted median method can provide 
effective estimates when at least 50 % of the SNPs are valid [25,28]. 
MR-Egger was used to evaluate horizontal pleiotropy [30]; when the 
intercept is close to 0, no pleiotropy is indicated [27]. Importantly, 
MR-Egger can provide unbiased estimates, even if all SNPs are invalid 
because of horizontal pleiotropy [25]. To identify potential pleiotropic 
outliers, the MR-PRESSO test was used, and heterogeneity across 
different SNPs was checked using Cochran’s Q statistics. In addition, a 
leave-one-out analysis was performed to evaluate the effects of single 
SNPs on the overall estimate to assess the robustness of the analysis 
results. MR analysis results are presented as the odds ratio (OR) with 95 
% confidence interval (CI). “TwoSampleMR 0.5.7” and “forestplot 3.1.1” 
were run in R 4.2.3 (R Foundation for Statistical Computing) to analyze 
the data and construct graphs. Two-sided p values less than 0.05 were 
considered statistically significant.

3. Results

After screening steps (1) and (2), 33 SNPs were identified as signif-
icantly associated with tea intake. Steps (3) and (4) did not exclude any 
SNPs, but step (5) excluded 9 SNPs (rs10741694, rs12591786, 
rs1481012, rs2279844, rs2472297, rs2478875, rs4410790, rs4808193, 
and rs9937354) that were possibly closely related to potential con-
founders. Finally, 24 SNPs were included as instrumental variables for 
tea intake, and the F-statistics ranged from 30.02 to 136.84, indicating 
no weak instrumental variable bias. Detailed information for the SNPs 
included is presented in the Supplementary File.

The primary analysis results indicated that genetically predicted tea 
intake was not associated with NAFLD risk (OR: 1.48; 95 % CI: 0.64, 
3.43; p = 0.364), as shown in Fig. 2. Four other methods also indicated 
that tea intake was not associated with NAFLD risk and further verified 
the IVW method results. As shown in Fig. 3, a leave-one-out analysis 
demonstrated that no single SNP significantly affected the MR results. 
The results of Cochran’s Q test did not indicate significant heterogeneity 
(IVW: Q = 21.88, p = 0.527; MR-Egger: Q = 21.45, p = 0.493). The MR- 
Egger intercept was very close to 0 (− 0.013, p = 0.519), indicating no 
horizontal pleiotropy. MR-PRESSO analysis did not reveal any outliers, 
and this was also indicated by the symmetrical distribution of the SNPs 
shown in Fig. 4.

4. Discussion

In the present study, we used the two-sample MR method to examine 
the genetically predicted causal effects of tea intake on NAFLD risk. The 
primary analysis demonstrated no causal association between tea intake 
and decreased NAFLD risk, and this finding was further validated by the 
results of other analytical methods.

NAFLD is a complex systemic disease that occurs as a result of the 
combination of multiple metabolic, genetic, and microbiome-related 

factors; however, the specific mechanisms of NAFLD remain incom-
pletely understood [1,3]. NAFLD currently poses huge medical and so-
cietal burdens to countries around the world, especially in western 
countries [1,31]. Fortunately, most risk factors for NAFLD, including 
obesity, type 2 diabetes, lipid abnormalities (e.g., high triglyceride 
concentrations), and hypertension, are modifiable, and healthy lifestyles 
can prevent NAFLD occurrence and delay its progression [1,3]. In 
response to this major global health problem, a global Delphi study 
report was recently released to provide a consensus and recommenda-
tions on multiple aspects of the epidemiology, prevention, and treatment 
of NAFLD [31].

Previous studies have suggested that tea intake can potentially 
reduce NAFLD risk and disease progression. For example, Xu et al. [32] 
recently reviewed the regulatory effects and molecular mechanisms of 
teas and their active compounds (e.g., catechin and flavonoids) on 
NAFLD, suggesting that these compounds offer potentially beneficial 
effects against NAFLD and providing research directions for future 
research. Based on the rats’ experiments, Kobayashi et al. [10] reported 
that green tea catechin can improve experimentally induced liver 
damage owing to its antioxidant and antifibrotic effects. In addition, in 
2021, Mao et al. [33] evaluated the effects of 12 tea extracts on NAFLD 
in mice that fed high-fat diets, and the results revealed that the effect 
varied with different teas. In particular, histopathological results 
showed that several teas can improve hyperlipidemia-induced hepatic 
steatosis and adipocytic hypertrophy. For example, Qing Brick tea can 
prevent NAFLD by significantly mitigating the increase in liver triglyc-
eride levels [33]. Furthermore, a meta-analysis of four observational 
studies indicated that green tea intake is associated with a low risk of 
fatty liver disease (Risk ratio: 0.65; 95 % CI: 0.44, 0.98; p = 0.039) [34].

However, unlike these lines of evidence, our results did not indicate 
that tea intake can reduce NAFLD risk. This difference may be due to the 
following reasons. First, the significant differences between human and 
animal models often lead to positive findings in preclinical studies that 
are not fully reflected in humans; this phenomenon is very common in 
drug development [35]. Second, the positive results reported in previous 
observational studies and the associated meta-analysis may be attrib-
uted to residual confounding factors or reverse causation [23]. Inter-
estingly, our results are supported by a novel Chinese cross-sectional 
study reporting that daily tea consumption is not associated with newly 
diagnosed NAFLD [15]. In addition, it is worth mentioning that Cai et al. 
[36] reported no causal association between tea intake and seven 
common cardiovascular diseases: angina, atrial fibrillation, acute 
myocardial infarction, hypertension, coronary atherosclerosis, periph-
eral vascular disease, and heart failure. Considering that the 

Fig. 2. Forest plot of the Mendelian randomization analysis.
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interpretation and application of the scientific evidence should be based 
on the triangulation principle [37], that is, to consider the evidence from 
different sources comprehensively. Therefore, high-quality, large--
sample RCTs should be conducted in future to further clarify the causal 
relationship (if any) between specific tea intake and NAFLD risk.

This study has several strengths. First, to the best of our knowledge, 
this is the first MR study to investigate the causal effects of tea intake on 
NAFLD risk. Our use of the MR method reduced the confounders and 
reverse causation commonly occurring in classical observational 
epidemiological studies. Second, the SNPs included are all valid, as 
proven by a lack of evidence regarding weak instrument variables, 
heterogeneity, and horizontal pleiotropy. Notably, horizontal pleiotropy 
has a significant impact on the accuracy of MR estimates. Third, the 
GWAS data for tea intake and the risk of NAFLD were obtained sepa-
rately from different cohorts, thus avoiding the bias from sample over-
lap. Lastly, five critical methods with different statistical assumptions 
were used to estimate the causal association between tea intake and risk 
of NAFLD, and they provide basically consistent results, thus increasing 
the robustness of our findings.

Similar to other MR studies [23,27,28,36], our study has several 
limitations that need to be considered. First, the summary statistics of 
GWAS data for tea intake and the risk of NAFLD are all obtained from 
individuals of European descent, thus limiting the generality of our re-
sults; therefore, careful interpretation is required when applying the 
results to populations from other ethnic or racial ancestries. Second, 
other in-depth analyses could not be conducted because we could not 
access the data for different tea types (e.g., black and green teas) or 
detailed individual characteristics (e.g., age and sex) of the GWAS par-
ticipants. In addition, our findings may be affected by the bias (e.g., 
measurement error) [38] existed in the original studies of the summary 
statistics that we used in this MR study. Third, the population under 
study in the UK Biobank has been criticized for not being representative 

of the sampling population to the extent that a “healthy volunteer” se-
lection bias appears to exist [39]. However, the extensive body of 
research stemming from the UK biobank and the accompanying wide 
assessment of associations between risk factors and disease could add to 
how generalizable its findings can be, not least for the Caucasian pop-
ulations [39]. Fourth, this study would have benefited from a more 
granular analysis of specific liver outcomes, such as measurements for 
steatosis (fat accumulation) and fibrosis through appropriate tools such 
as FibroScan. To this end, similarly to existing studies [40], future ap-
proaches could assess how tea intake might influence these 
NAFLD-related processes to increase the clinical relevance of the find-
ings, as to whether tea consumption affects the progression of liver 
disease, rather than just NAFLD as a general diagnosis. Moreover, the 
possibility of potential nonlinear effects, where varying levels of tea 
consumption could have distinct impacts on health outcomes, cannot be 
excluded because in this study, tea intake was considered as a contin-
uous variable, and not a categorical one (i.e., low, moderate, and high 
intake). More broadly, the definitions of the disease have evolved from 
NAFLD to metabolic dysfunction-associated fatty liver disease (MAFLD) 
[41] and most recently to metabolic dysfunction-associated steatotic 
liver disease (MASLD) [42] and, as a result, our study cannot achieve 
100 % consistency. However, several studies suggest that there is over 
90% overlap in population among these definitions [43], which in every 
case is going to affect all studies derived from the UK biobank and 
focusing on liver pathology. Last, whether the GWAS-derived associa-
tions between tea consumption and specific genetic variants is more of 
statistical nature or whether there is a so far undeciphered biological 
underpinning remains to be explored in future studies.

5. Conclusion

In conclusion, this MR study demonstrates that genetically predicted 

Fig. 3. Forest plot of the leave-one-out analysis.
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tea intake is not associated with decreased NAFLD risk. Our study pro-
vides new insight to better understand the relationship between tea 
intake and NAFLD occurrence and development. However, the results of 
this MR study should be further verified in non-European populations.
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