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Genetically determined circulating 
micronutrients and the risk 
of nonalcoholic fatty liver disease
Ke Liu 1,2, Ying Chen 1,2, Jiaxin Chen 1, Weiwei Chen 1, Xiaohui Sun 1, Yingying Mao 1 & Ding Ye 1*

Evidence from epidemiological literature on the association of circulating micronutrients with risk of 
nonalcoholic fatty liver disease (NAFLD) is inconsistent. We aimed to elucidate the causal relationships 
using Mendelian randomization (MR). Single-nucleotide polymorphisms associated with 14 circulating 
micronutrients (β-carotene, calcium, copper, folate, iron, magnesium, phosphorus, selenium, 
vitamin B6, B12, C, D, K1 and zinc) were employed as instrumental variables. Summary level data for 
NAFLD were obtained from a genome-wide association study (GWAS) meta-analysis of 8434 cases 
and 770,180 controls (discovery stage) and another two datasets including 1483 NAFLD cases and 
17,781 controls (replication stage 1) and 2134 NAFLD cases and 33,433 controls (replication stage 2). 
Inverse variance-weighted method (IVW) was used as primary analysis, supplemented with a series of 
sensitivity analysis. Genetically predicted higher β‑carotene levels were suggestively associated with 
reduced NAFLD risk [odds ratio (OR) 0.81, 95% confidence interval (CI) 0.66–0.99; P = 0.047], whereas 
the association did not survive the false discovery rates (FDR) correction (PFDR = 0.164). Genetically 
predicted circulating iron (OR 1.16, 95% CI 1.05–1.29; P = 0.006, PFDR = 0.028), selenium (OR 1.11, 
95% CI 1.03–1.20; P = 0.005, PFDR = 0.028) and vitamin B12 (OR 1.08, 95% CI 1.03–1.13; P = 0.002, 
PFDR = 0.028) were significantly associated with increased risk of NAFLD. Moreover, the findings were 
consistent in individual datasets (Pheterogeneity > 0.05) and confirmed in sensitivity analysis. Our study 
provided evidence that circulating iron, selenium and vitamin B12 might be causally linked to the risk 
of NAFLD, which deserves further exploration of the potential biological mechanism.
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NAFLD	� Nonalcoholic fatty liver disease
GWAS	� Genome-wide association study
OR	� Odd ratio
Cl	� Confidence interval
FDR	� False discovery rate
MR	� Mendelian randomization
IV	� Instrumental variable
BMI	� Body mass index
SNP	� Single nucleotide polymorphism
IVW	� Inverse-variance weighted
NHANES	� National Health and Nutrition Examination Survey
tHcy	� Total homocysteine

Nonalcoholic fatty liver disease (NAFLD) is a burgeoning public health concern, and has reached the pandemic 
level with a recent prevalence estimate of 29.8% worldwide1. Alarmingly, the prevalence and mortality of NAFLD 
is projected to continuously increase in Western countries as well as in several Asian areas by 20302. Currently, the 
pathogenesis of NAFLD is framed in the ‘multiple-hits hypothesis’ where a number of diverse parallel processes 
may contribute to the development and progression of liver inflammation3. As the principal contributory factor 
of extrahepatic factors, nutrition has been reported to affect NAFLD pathogenesis in multiple publicaitons4. At 
present there is no clear consensus on the pharmacological treatment of NAFLD, therefore, nutrition manage-
ment as an important modifiable lifestyle remains the first line of prevention strategy of NAFLD5.
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A growing number of studies have shown that the development and severity of NAFLD is closely related 
to micronutrients such as circulating selenium, iron, vitamin B12, and vitamin D6–8. For example, vitamin D 
deficiency was found to be associated with the presence and severity of NAFLD in a meta-analysis of cross-
sectional and case–control studies9. However, the causality and clinical significance of this association remain 
undetermined, since NAFLD may lead to a decrease in circulating 25(OH)D by decreasing 25-hydroxylase 
activity9. Moreover, the negative association may be attributed to confounding factors including obesity, insulin 
resistance and metabolic syndrome10. Thus, the casual role of micronutrients in the development of NAFLD 
remains unclear.

Mendelian randomization (MR) is a specific type of instrumental variable (IV) analysis that uses genetic 
variation as IV to detect and quantify potential causal relationships between exposure and disease. The approach 
carries two merits of minimizing confounding and diminishing reverse causality because genetic variants are 
randomly allocated at conception and cannot be modified by the development and progression of the disease11,12. 
Here, we use recent large summary statistics for NAFLD and circulating micronutrients to comprehensively 
investigate the relationship of circulating micronutrients with NAFLD using two-sample MR methods.

Methods
Overview
A schematic summary of the study design is given in Fig. 1. Firstly, we examined the associations of micronu-
trients with NAFLD in a large discovery dataset and then performed replication analysis in two independent 
datasets using two-sample MR approach. To increase statistical power, we combined estimates from these data 
sources. All studies included in the cited genome-wide association studies (GWASs) had been approved by 
relevant review boards. No additional ethics approval or consent to participate was required.

Outcome data sources
Summary-level data for NAFLD were extracted from a GWAS meta-analysis (the Electronic Medical Records 
and Genomics, UK Biobank, FinnGen, and Estonian Biobank) including 8434 NAFLD cases and 770,180 con-
trols (discovery stage)13 and another two GWASs including 1483 NAFLD cases and 17,781 controls (replication 
stage 1)14 and 2134 NAFLD cases and 33,433 controls (replication stage 2)15 (Table S1). Case definition criteria 
of included NAFLD GWASs are shown in Table S1. Detailed information on quality control refers to the cited 
GWAS papers.

Selection of instrumental SNPs
We conducted a search of the latest published GWASs performed among European individuals on circulat-
ing micronutrients. A total of 14 nutrients were finally retrieved, namely β-carotene16, calcium17, copper18, 
folate19, iron19, magnesium20, phosphorus21, selenium22, vitamins B623, B1224, C25, D26, K127 and zinc18 (Table S1). 
Vitamins A28 and E29 were excluded because the corresponding GWASs were adjusted for body mass index 
(BMI), which may bias MR estimates. In terms of calcium, phosphorus and vitamin D, more recent GWASs that 
have been conducted in UK Biobank30 were not used, due to sample overlap with outcome data sources. We 
selected eligible genetic instruments based on the following criteria that single nucleotide polymorphisms (SNPs) 
should independently (r2 < 0.01) affect the concentrations of these nutrients at a genome wide significance level 
(P < 5 × 10−8). For nutrients instrumented by less than two SNPs, suggestive significant genome-wide association 
significant (P < 1 × 10–5) or validated SNPs were included if available. For serum iron, we used four instrumental 
SNPs (rs1800562, rs1799945, rs855791 and rs57659670) as their concordant association with the other three 

Figure 1.   Overview of the Mendelian randomization (MR) design.
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biomarkers (ferritin, transferrin saturation and total iron binding capacity) of systemic iron status. To further 
identify the rationality for our IV selection, the plausible biological interpretation of the 71 SNPs were identi-
fied using g:Profiler (https://​biit.​cs.​ut.​ee/​gprof​iler/​snpen​se, accessed on 11 Dec 2023), and 68 snp-to-gene were 
identified. For example, the SNPs associated with iron, rs1799945 and rs1800562 are localized in the gene HFE, 
rs57659670 is localized in the gene DUOX2, and rs855791 is localized in the gene TMPRSS6. The HFE protein 
functions to regulate iron absorption by regulating the interaction of the transferrin receptor with transferrin31. 
DUOX2, as a member of the NADPH oxidase family, has been demonstrated to be involved in the production of 
ROS to promote ferroptosis32. TMPRSS6 is a transmembrane serine protease primarily expressed in hepatocytes, 
which is a critical negative regulator that controls hepcidin transcription33. Among the instrumental SNPs asso-
ciated with selenium, four out of five SNPs were localized in the gene DMGDH. This gene encodes an enzyme 
involved in metabolism of sulfur-containing amino acids (conversion of homocysteine to methionine) and may 
therefore play a role in selenoamino acid metabolism18. The detailed information of selected genetic variants 
used in the present study are listed in Table S2.

Statistical analysis
The random-effects inverse-variance weighted (IVW) method was used to evaluate the potential causal rela-
tionship of circulating micronutrients with risk of NAFLD as primary analysis. IVW method combines the 
causal effect estimates of multiple single IVs by Wald ratio method34. Cochran’s Q statistic was used to assess 
the heterogeneity of SNP-estimates in each MR association. Additionally, we performed the MR-Egger regres-
sion, maximum likelihood-based, simple median, weighted-median and MR-Steiger sensitivity analyses, which 
are more robust to the inclusion of pleiotropic instruments. The MR-Egger regression is disposed to regression 
dilution bias, and the average horizontal pleiotropic effect across all genetic variants can be interpreted by the 
intercept term35. Specifically, the intercept did not significantly differ from 0 (P > 0.05), pleiotropic effects were 
considered absent. Furthermore, the maximum-likelihood method was used to validate the result from the IVW 
method, which was assessed by assuming that there was a linear relationship between circulating micronutrients 
and risk of NAFLD36. Simple- and weighted-median methods was used estimate the potential cause effects when 
IVs went against standard assumptions. The weighted median method can obtain consistent estimation of the 
causal effect as long as the weight of the causal effect calculated by the effective IV reaches 50%37. In addition, 
we used the MR pleiotropy residual sum and outlier (MR-PRESSO) test to identify the possible pleiotropic out-
liers and reassessed the causal effect estimates after removing outliers38. Finally, the MR‐Steiger directionality 
test was used to determine whether the assumption that exposure causes outcome is valid39. The F statistic was 
calculated to measure the strength of used instruments and power was estimated using an online tool (https://​
cnsge​nomics.​shiny​apps.​io/​mRnd/)40.

Random-effects meta-analysis was conducted to combine MR estimates from the three different data sources, 
along with the heterogeneity test. The Benjamini–Hochberg method was used to control the false discovery rate 
(FDR) for multiple testing, and adjusted P value ≤ 0.05 was regarded as statistically significant. P values below 
0.05 but not survived the FDR correction were considered as suggestive association. All tests were performed 
using the Mendelian Randomization and TwoSampleMR packages in R software version 4.2.0 (R Foundation 
for Statistical Computing, Vienna, Austria).

Results
The F statistic for instruments and estimated power for all analyses are shown in Table S3. All F statistics for 
the IVs of each micronutrient were over 10, indicating a good strength of used genetic instruments. Overall, we 
found four micronutrients were associated with the risk of NAFLD in combined MR analyses. There was no evi-
dence of heterogeneity in these associations (Fig. 2), and the directionality was confirmed by the MR-Steiger test 
(P < 0.001, Table S4). After FDR correction, genetically predicted iron, selenium and vitamin B12 with NAFLD 
reached statistical significance (Table 1).

Significant associations of circulating iron, selenium and vitamin B12 with risk of NAFLD
Genetically predicted circulating iron, selenium and vitamin B12 were significantly associated with the increased 
risk of NAFLD in the combined dataset (Fig. 2). The scatter plots for the effect of IVs on the three micronutrients 
and NAFLD are depicted in Supplementary Fig. 1. For one SD increase in genetically predicted iron and selenium 
levels, the combined odds ratio (OR) of NAFLD were 1.16 (95% confidence interval (CI) 1.05–1.29; P = 0.006, 
PFDR = 0.028), 1.11 [95% CI 1.03–1.20; P = 0.005, PFDR = 0.028] and 1.08 (95% CI 1.03–1.13; P = 0.002, PFDR = 0.028), 
respectively (Table 1). Such results were consistent in the weighted median (OR 1.18, 95% CI 1.03–1.35; P = 0.016 
for iron; OR 1.12, 95% CI 1.03–1.21; P = 0.007 for selenium, OR 1.08, 95% CI 1.03–1.14; P = 0.003 for vitamin 
B12), simple median (OR 1.27, 95% CI 1.07–1.51; P = 0.006 for iron; OR 1.18, 95% CI 1.05–1.32; P = 0.005 for 
selenium) and maximum-likelihood method (OR 1.20, 95% CI 1.06–1.35; P = 0.003 for iron; OR 1.12, 95% CI 
1.03–1.21; P = 0.009 for selenium). Furthermore, MR-Egger regression did not suggest evidence of potential 
directional pleiotropy (iron, P = 0.960; selenium, P = 0.722; vitamin B12, P = 0.503) (Table S4). No heterogeneity 
was found in circulating iron, selenium and vitamin B12 using Cochran’s Q statistic (P > 0.05) (Table S4).

Nominal associations of circulating β‑carotene with risk of NAFLD
Genetically predicted circulating β‑carotene levels were inversely associated with NAFLD risk in replication 2 
using the IVW method, and the associations were directionally consistent in the other two databases (Fig. 2). 
For one SD increase in genetically predicted circulating β‑carotene levels, the combined OR of NAFLD was 
0.81 (95%CI 0.66–0.99; P = 0.047, PFDR = 0.164) (Table 1). The associations were concordant in the weighted 
median (OR 0.82, 95% CI 0.68–0.98; P = 0.033) and maximum-likelihood method (OR 0.81, 95% CI 0.67–0.99, 

https://biit.cs.ut.ee/gprofiler/snpense
https://cnsgenomics.shinyapps.io/mRnd/
https://cnsgenomics.shinyapps.io/mRnd/
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1.28; P = 0.034) (Table 1). There was no indication for potential directional pleiotropy effects as assessed by the 
intercept of the MR-Egger regression (P = 0.123) (Table S4). Cochran’s Q statistic did not suggest heterogeneity 
of effect estimates (P > 0.05) (Table S4).

Nonsignificant associations
We observed little evidence that the circulating concentrations of the other micronutrients were associated with 
the risk of NAFLD. Genetically predicted vitamin D level was associated with reduced NAFLD risk in replication 

Figure 2.   Heatmap of the associations of the 14 micronutrients with the risk of NAFLD from the inverse 
variance weighted (IVW) method. One asterisk (*) indicates the suggestive evidence for a potential causal 
association, while two asterisks (**) denote that the associations were statistically significant after the false 
discovery rates (FDR) correction in meta-analysis.

Table 1.   Associations of circulating micronutrients with risk of NAFLD by meta-analysis of discovery and 
replication datasets. a P value for inverse-variance weighted.

Nutrients

Inverse-variance 
weighted

P valuea P FDR value

MR-Egger Weighted median Simple median
Maximum-likelihood 
method MR-PRESSO

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Beta-Carotene 0.81 (0.66, 0.99) 0.047 0.164 0.88 (0.54, 1.43) 0.82 (0.68, 0.98) 0.71 (0.47, 1.07) 0.81 (0.67, 0.99) –

Calcium 1.17 (0.83, 1.66) 0.385 0.770 1.02 (0.50, 2.07) 1.09 (0.84, 1.42) 1.08 (0.76, 1.53) 1.17 (0.82, 1.67) 1.16 (0.82, 1.63)

Copper 1.01 (0.93, 1.10) 0.835 0.927 – – – 1.04 (0.83, 1.30) –

Folate 0.94 (0.60, 1.47) 0.778 0.927 – – – 1.15 (0.90, 1.48) –

Iron 1.16 (1.05, 1.29) 0.006 0.028 1.28 (1.00, 1.63) 1.18 (1.03, 1.35) 1.27 (1.07, 1.51) 1.20 (1.06, 1.35) 1.24 (1.11, 1.39)

Magnesium 1.09 (0.18, 6.71) 0.927 0.927 1.17 (0.60, 2.31) 1.07 (0.87, 1.32) 1.06 (0.83, 1.37) 1.20 (1.06, 1.35) 1.22 (0.19, 7.77)

Phosphorus 0.90 (0.55, 1.47) 0.676 0.927 0.98 (0.56, 1.69) 0.96 (0.54, 1.69) 0.96 (0.54, 1.69) 0.90 (0.55, 1.48) 0.96 (0.79, 1.17)

Selenium 1.11 (1.03, 1.20) 0.005 0.028 0.81 (0.52,1.25) 1.12 (1.03, 1.21) 1.18 (1.05, 1.32) 1.12 (1.03, 1.21) 1.11 (1.04, 1.20)

Vitamin B6 1.00 (0.98, 1.02) 0.868 0.927 – – – – –

Vitamin B12 1.07(1.03, 1.13) 0.002 0.028 1.10 (0.94, 1.28) 1.07 (0.99, 1.14) 1.07 (0.94, 1.21) 1.08 (1.02, 1.13) 1.07 (1.03, 1.12)

Vitamin C 0.96 (0.82, 1.14) 0.661 0.927 0.93 (0.70, 1.23) 0.94 (0.76, 1.15) 1.05 (0.82, 1.34) 0.97 (0.82, 1.16) 1.00 (0.87, 1.14)

Vitamin D 0.96 (0.83, 1.12) 0.635 0.927 1.03 (0.82, 1.29) 0.98 (0.83, 1.15) 0.99 (0.86, 1.15) 0.96 (0.82, 1.13) 0.96 (0.90, 1.02)

Vitamin K1 0.93 (0.85, 1.02) 0.126 0.353 0.84 (0.65, 1.09) 0.94 (0.84, 1.05) 0.97 (0.86, 1.10) 0.93 (0.84, 1.02) –

Zinc 0.95 (0.87, 1.03) 0.185 0.432 – – – 0.95 (0.87, 1.02) –
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stage 1 (OR 0.77, 95% CI 0.60–1.00; P = 0.047), but these associations were not significant in the meta-analysis 
(Fig. 2).

Discussion
In this MR analysis, we provided evidence that genetically predicted high iron, selenium and vitamin B12 levels 
were associated with elevated NAFLD risk, and circulating β‑carotene levels were suggestively associated with 
reduced risk of NAFLD. However, little evidence was observed for the association of other micronutrients with 
the risk of NAFLD.

Circulating iron levels were associated with increased risks of NAFLD
Accumulating studies have investigated the association between iron status and risk of NAFLD41,42. Our study 
supports the findings of previous studies that circulating iron status increase the risk of developing NAFLD using 
larger summary statistics. In terms of the mechanisms of the association between iron and NAFLD, the pathogen-
esis is related to altered regulation of iron transport associated with steatosis, insulin resistance, oxidative stress 
and subclinical inflammation43. Also, dysmetabolic iron overload syndrome may facilitate the evolution to type 
2 diabetes by altering beta-cell function, the progression of cardiovascular disease by contributing to the recruit-
ment and activation of macrophages within arterial lesions, and the natural history of liver disease by inducing 
oxidative stress in hepatocytes, activation of hepatic stellate cells, and malignant transformation by promotion of 
cell growth and DNA damage43. Interestingly, a recent study suggested there was a significant cross-talk among 
gut microbiota, iron status, and liver fat accumulation. The mechanism was speculated to be microbiome- and 
iron-linked metabolomic and transcriptomic signatures involving imbalances in gluconeogenic metabolites, 
ketone bodies, and cellular transport, which altogether modulate liver fat accumulation44. Besides, establishing 
the exact function of abnormal iron status in the regulation of NAFLD is crucial from a clinical perspective. 
Previous evidence has indicated that NAFLD subjects might suffer from iron overload45,46. Moreover, studies have 
already shown that higher iron status is associated with an increased risk of NAFLD47,48. Accurate assessment of 
iron levels and iron-related markers can serve as diagnostic tools, allowing for the early identification of at-risk 
individuals and the controling of disease progression. Low-iron diet therapy has been proven to be effective in 
reducing hepatitis progression 49, thus iron restriction could be useful as a novel therapeutic approach for NAFLD.

Circulating selenium levels were associated with increased risks of NAFLD
For selenium, a positive association of high circulating selenium levels with risk of NAFLD has been found in 
some50–52 but not all observational study53. Leveraging genetic variants as instrument variables for selenium, our 
study found that genetically predicted higher circulating selenium levels were robustly associated with increased 
risk of NAFLD. Increased selenium levels can elevate the selenomethionine, which might be metabolized to 
selenols, selenohomocysteine and selenocysteine via the methionine cycle and the trans-sulfuration pathway. 
These metabolites of selenomethionine can induce oxidative stress via generating superoxide radicals, which plays 
a role in the development and progression of NAFLD50,54. In addition, evidence from studies in rodent models 
demonstrated that selenium exposure was more potent in inducing liver damage by activating inflammation 
and the liver with infiltration by inflammatory cells, increasing hepatic enzymes and accumulation of glycogen 
and lipid55,56. Taken together, mechanisms behind the harmful effect of high iron and selenium status on risk of 
NAFLD remain to be elucidated and need further investigation, and more sophisticated clinical trials should be 
carried out to corroborate our findings and give proper diet guidance. Elucidating the impact of selenium on 
NAFLD will be of significant values in clinical applications. Previous cross-sectional study has confirmed that the 
mean selenium intake in NAFLD patients was higher than the recommended dietary allowance (RDA) level57. 
According to most of the evidence, excessive intake of selenium is associated with the risk of NAFLD. From a 
clinical standpoint, assessing the selenium status of NAFLD patients and correcting selenium homeostasis can 
potentially prevent NAFLD. A recent meta-analysis revealed a positive correlation between selenium exposure 
and diabetes in both epidemiological and experimental studies 58. Increased selenium intake elevates expression 
of intracellular selenoprotein levels, resulting in heightened reactive oxygen species (ROS) production59,60, which 
was also served as a potential pathogenic mechanism for NAFLD 61,62.

Circulating vitamin B12 levels were associated with increased risks of NAFLD
Previous observational studies on the relationship between vitamin B12 concentrations and NAFLD were con-
troversial. Recently, a meta-analysis synthesizeing eight cross-sectional and case–control studies found that 
there was no significant difference in vitamin B12 concentrations between NAFLD cases and individuals without 
NAFLD63. A subsequent study using National Health and Nutrition Examination Survey (NHANES) 1999–2004 
data also failed to find an association between vitamin B12 and risk of NAFLD64. However, another NHANES 
2017–2018 study found linear positive correlations between vitamin B12 and hepatic steatosis and fibrosis8. Inter-
estingly, our study utilized large-scaled GWAS encompassing over 12,000 NAFLD patients and 820,000 controls, 
and demonstrated a significant impact of genetic predicted higher vitamin B12 levels on increased NAFLD risk, 
overcoming bias to a greater extent such as small sample sizes and confounders in observational studies. Higher 
serum levels of vitamin B12 were positively correlated with the severity of steatosis and fibrosis in 614 Brazilian 
patients65. Another study conducted among 120 Jordanians also suggested that NAFLD patients consumed higher 
dietary intakes of vitamin B12 than controls66. Since the small number of participants in previous studies, more 
research is needed on the mechanisms underlying vitamin B12 and the increased risk of NAFLD in the future. 
Though previous research did not clearly establish a relationship between vitamin B12 and NAFLD, the present 
study provides newfound insight into the role of vitamin B12 in NAFLD etiology.



6

Vol:.(1234567890)

Scientific Reports |         (2024) 14:1105  | https://doi.org/10.1038/s41598-024-51609-3

www.nature.com/scientificreports/

Circulating β‑carotene levels were associated with decreased risks of NAFLD
A recent MR study on dietary sources of antioxidants and NAFLD failed to find an inverse association between 
β‑carotene and NAFLD67, possibly due to low statistical power to detect weak associations. Interestingly, we 
detected that genetically predicted circulating beta-carotene levels are likely to be negatively associated with 
NAFLD risk by using a larger summary statistic of NAFLD, which is consistent with other epidemiological studies 
that demonstrate a negative association between serum β‑carotenoid levels and NAFLD68–70. Higher β‑carotenoid 
intake may reduce risk for NAFLD and the progression of simple hepatic steatosis to nonalcoholic steatohepa-
titis, through several different pathways, including the attenuation of inflammation and oxidative stress in the 
liver, with downstream effects on secretion of pro-inflammatory cytokines by hepatic macrophages, immune 
infiltration, and insulin sensitivity71. Furthermore, β-carotene has also been reported to have preventive effects 
on hepatic inflammation, fibrosis and cirrhosis in animal models72. Regarding to the association did not reach 
significance after FDR correction, thus, we still emphasize that independent MR studies and large prospective 
trials are needed to validate our findings. Furthermore, determining the precise role of β-carotene in the regula-
tion of NAFLD is of great benefits from a clinical perspective. We have noted that more than half of the NAFLD 
patients presented low β-carotene consumption in a cross-sectional study73. Moreover, dietary β-carotene can 
prevent NAFLD by down regulating inflammation74. To be noted, fucoxanthin, a carotenoid mainly found in 
brown seaweed, has recently entered clinical trials as a potential treatment for NAFLD75. Another randomized 
controlled clinical trial suggested that the administration of fucoxanthin combined with fucoidan for 6 months 
attenuated hepatic lipotoxicity in 21 patients with NAFLD 76. The present evidence can inform dietary advice 
and supplemental interventions for individuals at risk of NAFLD, offering a non-invasive and cost-effective 
means of prevention.

Insignificant associations between other micronutrients and NAFLD
For other micronutrients, three recent MR studies on the association of vitamin D and NAFLD yielded incon-
sistent. In our study, though vitamin D concentrations were observed to be associated with a reduced risk of 
NAFLD in the replication dataset with a smaller sample size, this association was not observed in the other 
datasets. The relationship between vitamin D and pathogenesis and progression of NAFLD remains unclarified 
and may be complex. It is noteworthy that the observation that genetic variations of vitamin D-related genes were 
associated with presence, severity and response to treatment of NAFLD provides additional insights, as it may 
indicate interindividual differences in the responsiveness to vitamin D on NAFLD77. Therefore, we considered 
that the use of vitamin D was supposed to be selective, and further population categories should be performed.

In the current MR study, we observed little evidence of associations between other genetically predicted 
circulating micronutrients concentrations with risk of NAFLD. However, we cannot exclude the presence of a 
potential causal association. For example, the B vitamins, such as folate and vitamins B6, play vital roles in the 
metabolism of homocysteine78. Deficiency of either of these B vitamins can lead to an elevated circulating level of 
total homocysteine (tHcy), which has been implicated in the development of NAFLD79,80. Further studies found 
that folate could have potential for the prevention or treatment of NAFLD81. However, these associations were 
not observed in our study, thus, larger GWASs are needed to better understand the regulation of micronutrients 
and to better define instrumental variables for MR analysis.

Strengths and limitations of this study
The main strength in this study is the MR design, which can reduce confounding and reverse causality to a large 
extent. We explored associations in three independent separate to examine the consistency, and then combined 
the associations from three data sources to increase the number of cases. Together with larger sample compared 
to previous MR studies, our established associations should be better powered even though we might overlook 
weak associations. The results remained overall consistent across several sensitivity analyses. Limitations need 
consideration when interpreting our results. First, the major issue for MR study is horizontal pleiotropy that 
means selected genetic IVs influence the risk of outcome not via the exposure but other alternative pathways. 
Although we could not completely rule out the possibility that our findings might be biased by horizontal plei-
otropy, our results remained consistent across several sensitivity analyses and the MR-Egger detected limited 
evidence in support of strong pleiotropic effects. Second, associations for micronutrients differed between the 
discovery and replication datasets, which might be caused by differences in NAFLD definition might cause het-
erogeneity in meta-analysis of associations across used data sources. In addition, MR relies on the assumption 
of a linear relationship between the exposure and the outcome. This assumption may not hold true in all cases, 
especially if there are non-linear associations involved. Micronutrients might have optimal ranges for beneficial 
effects, and deviations from these ranges could lead to different health outcomes. Failing to account for non-
linearity in this relationship may result in biased causal estimates. Furthermore, MR considers the lifetime effect 
of micronutrients status by using genetic variants as IVs82, thus our MR results should not be extrapolated to 
extremes of micronutrients status.

Conclusions
In conclusion, this MR study observed that genetically predicted β‑carotene levels were inversely associated with 
NAFLD risk, whereas the genetically predicted iron, selenium and vitamin B12 levels were positively associated 
with NAFLD risk. These findings are promising given the limited therapeutic options for NAFLD, in that identi-
fication of modifiable lifestyle factors provides an opportunity to limit or prevent the disease and its progression.
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All the data used in the present study had been publicly available, and the source of the data had been described 
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Received: 14 September 2023; Accepted: 7 January 2024

References
	 1.	 Le, M. H. et al. Global NAFLD prevalence: A systematic review and meta-analysis. Clin. Gastroenterol. Hepatol. 20, 2809-2817e2828. 

https://​doi.​org/​10.​1016/j.​cgh.​2021.​12.​002 (2022).
	 2.	 Estes, C. et al. Modeling NAFLD disease burden in China, France, Germany, Italy, Japan, Spain, United Kingdom, and United 

States for the period 2016–2030. J. Hepatol. 69, 896–904. https://​doi.​org/​10.​1016/j.​jhep.​2018.​05.​036 (2018).
	 3.	 Tilg, H. & Moschen, A. R. Evolution of inflammation in nonalcoholic fatty liver disease: The multiple parallel hits hypothesis. 

Hepatology 52, 1836–1846. https://​doi.​org/​10.​1002/​hep.​24001 (2010).
	 4.	 Ullah, R. et al. Role of nutrition in the pathogenesis and prevention of non-alcoholic fatty liver disease: Recent updates. Int. J. Biol. 

Sci. 15, 265–276. https://​doi.​org/​10.​7150/​ijbs.​30121 (2019).
	 5.	 Berna, G. & Romero-Gomez, M. The role of nutrition in non-alcoholic fatty liver disease: Pathophysiology and management. Liver 

Int. 40(Suppl 1), 102–108. https://​doi.​org/​10.​1111/​liv.​14360 (2020).
	 6.	 Pickett-Blakely, O., Young, K. & Carr, R. M. Micronutrients in nonalcoholic fatty liver disease pathogenesis. Cell Mol. Gastroenterol. 

Hepatol. 6, 451–462. https://​doi.​org/​10.​1016/j.​jcmgh.​2018.​07.​004 (2018).
	 7.	 Ma, C., Han, L., Zhu, Z., Heng Pang, C. & Pan, G. Mineral metabolism and ferroptosis in non-alcoholic fatty liver diseases. Biochem. 

Pharmacol. 205, 115242. https://​doi.​org/​10.​1016/j.​bcp.​2022.​115242 (2022).
	 8.	 Liu, X., Shen, H., Chen, M. & Shao, J. Clinical relevance of vitamins and carotenoids with liver steatosis and fibrosis detected by 

transient elastography in adults. Front. Nutr. 8, 760985. https://​doi.​org/​10.​3389/​fnut.​2021.​760985 (2021).
	 9.	 Eliades, M. et al. Meta-analysis: Vitamin D and non-alcoholic fatty liver disease. Aliment Pharmacol. Ther. 38, 246–254. https://​

doi.​org/​10.​1111/​apt.​12377 (2013).
	10.	 Jaruvongvanich, V., Ahuja, W., Sanguankeo, A., Wijarnpreecha, K. & Upala, S. Vitamin D and histologic severity of nonalcoholic 

fatty liver disease: A systematic review and meta-analysis. Dig. Liver Dis. 49, 618–622. https://​doi.​org/​10.​1016/j.​dld.​2017.​02.​003 
(2017).

	11.	 Burgess, S., Small, D. S. & Thompson, S. G. A review of instrumental variable estimators for Mendelian randomization. Stat. 
Methods Med. Res. 26, 2333–2355. https://​doi.​org/​10.​1177/​09622​80215​597579 (2017).

	12.	 Burgess, S., Butterworth, A. & Thompson, S. G. Mendelian randomization analysis with multiple genetic variants using summarized 
data. Genet. Epidemiol. 37, 658–665. https://​doi.​org/​10.​1002/​gepi.​21758 (2013).

	13.	 Ghodsian, N. et al. Electronic health record-based genome-wide meta-analysis provides insights on the genetic architecture of 
non-alcoholic fatty liver disease. Cell Rep. Med. 2, 100437. https://​doi.​org/​10.​1016/j.​xcrm.​2021.​100437 (2021).

	14.	 Anstee, Q. M. et al. Genome-wide association study of non-alcoholic fatty liver and steatohepatitis in a histologically characterised 
cohort (☆). J. Hepatol. 73, 505–515. https://​doi.​org/​10.​1016/j.​jhep.​2020.​04.​003 (2020).

	15.	 Sveinbjornsson, G. et al. Multiomics study of nonalcoholic fatty liver disease. Nat. Genet. 54, 1652–1663. https://​doi.​org/​10.​1038/​
s41588-​022-​01199-5 (2022).

	16.	 Hendrickson, S. J. et al. Beta-carotene 15,15’-monooxygenase 1 single nucleotide polymorphisms in relation to plasma carotenoid 
and retinol concentrations in women of European descent. Am. J. Clin. Nutr. 96, 1379–1389. https://​doi.​org/​10.​3945/​ajcn.​112.​
034934 (2012).

	17.	 O’Seaghdha, C. M. et al. Meta-analysis of genome-wide association studies identifies six new loci for serum calcium concentra-
tions. PLoS Genet. 9, e1003796. https://​doi.​org/​10.​1371/​journ​al.​pgen.​10037​96 (2013).

	18.	 Evans, D. M. et al. Genome-wide association study identifies loci affecting blood copper, selenium and zinc. Hum. Mol. Genet. 22, 
3998–4006. https://​doi.​org/​10.​1093/​hmg/​ddt239 (2013).

	19.	 Bell, S. et al. A genome-wide meta-analysis yields 46 new loci associating with biomarkers of iron homeostasis. Commun. Biol. 4, 
156. https://​doi.​org/​10.​1038/​s42003-​020-​01575-z (2021).

	20.	 Meyer, T. E. et al. Genome-wide association studies of serum magnesium, potassium, and sodium concentrations identify six Loci 
influencing serum magnesium levels. PLoS Genet. https://​doi.​org/​10.​1371/​journ​al.​pgen.​10010​45 (2010).

	21.	 Kestenbaum, B. et al. Common genetic variants associate with serum phosphorus concentration. J. Am. Soc. Nephrol. 21, 1223–1232. 
https://​doi.​org/​10.​1681/​ASN.​20091​11104 (2010).

	22.	 Cornelis, M. C. et al. Genome-wide association study of selenium concentrations. Hum. Mol. Genet. 24, 1469–1477. https://​doi.​
org/​10.​1093/​hmg/​ddu546 (2015).

	23.	 Tanaka, T. et al. Genome-wide association study of vitamin B6, vitamin B12, folate, and homocysteine blood concentrations. Am. 
J. Hum. Genet. 84, 477–482. https://​doi.​org/​10.​1016/j.​ajhg.​2009.​02.​011 (2009).

	24.	 Grarup, N. et al. Genetic architecture of vitamin B12 and folate levels uncovered applying deeply sequenced large datasets. PLoS 
Genet. 9, e1003530. https://​doi.​org/​10.​1371/​journ​al.​pgen.​10035​30 (2013).

	25.	 Zheng, J. S. et al. Plasma vitamin C and type 2 diabetes: Genome-wide association study and Mendelian randomization analysis 
in European populations. Diabetes Care 44, 98–106. https://​doi.​org/​10.​2337/​dc20-​1328 (2021).

	26.	 Jiang, X. et al. Genome-wide association study in 79,366 European-ancestry individuals informs the genetic architecture of 
25-hydroxyvitamin D levels. Nat. Commun. 9, 260. https://​doi.​org/​10.​1038/​s41467-​017-​02662-2 (2018).

	27.	 Dashti, H. S. et al. Meta-analysis of genome-wide association studies for circulating phylloquinone concentrations. Am. J. Clin. 
Nutr. 100, 1462–1469. https://​doi.​org/​10.​3945/​ajcn.​114.​093146 (2014).

	28.	 Mondul, A. M. et al. Genome-wide association study of circulating retinol levels. Hum. Mol. Genet. 20, 4724–4731. https://​doi.​
org/​10.​1093/​hmg/​ddr387 (2011).

	29.	 Major, J. M. et al. Genome-wide association study identifies common variants associated with circulating vitamin E levels. Hum. 
Mol. Genet. 20, 3876–3883. https://​doi.​org/​10.​1093/​hmg/​ddr296 (2011).

	30.	 Sinnott-Armstrong, N. et al. Genetics of 35 blood and urine biomarkers in the UK Biobank. Nat. Genet. 53, 185–194. https://​doi.​
org/​10.​1038/​s41588-​020-​00757-z (2021).

	31.	 Brissot, P. et al. Haemochromatosis. Nat. Rev. Dis. Primers 4, 18016. https://​doi.​org/​10.​1038/​nrdp.​2018.​16 (2018).
	32.	 Zheng, D. et al. ROS-triggered endothelial cell death mechanisms: Focus on pyroptosis, parthanatos, and ferroptosis. Front. 

Immunol. 13, 1039241. https://​doi.​org/​10.​3389/​fimmu.​2022.​10392​41 (2022).
	33.	 Silvestri, L. et al. The serine protease matriptase-2 (TMPRSS6) inhibits hepcidin activation by cleaving membrane hemojuvelin. 

Cell Metab. 8, 502–511. https://​doi.​org/​10.​1016/j.​cmet.​2008.​09.​012 (2008).
	34.	 Lawlor, D. A., Harbord, R. M., Sterne, J. A., Timpson, N. & Davey Smith, G. Mendelian randomization: Using genes as instruments 

for making causal inferences in epidemiology. Stat. Med. 27, 1133–1163. https://​doi.​org/​10.​1002/​sim.​3034 (2008).
	35.	 Bowden, J., Davey Smith, G. & Burgess, S. Mendelian randomization with invalid instruments: Effect estimation and bias detection 

through Egger regression. Int. J. Epidemiol. 44, 512–525. https://​doi.​org/​10.​1093/​ije/​dyv080 (2015).

https://doi.org/10.1016/j.cgh.2021.12.002
https://doi.org/10.1016/j.jhep.2018.05.036
https://doi.org/10.1002/hep.24001
https://doi.org/10.7150/ijbs.30121
https://doi.org/10.1111/liv.14360
https://doi.org/10.1016/j.jcmgh.2018.07.004
https://doi.org/10.1016/j.bcp.2022.115242
https://doi.org/10.3389/fnut.2021.760985
https://doi.org/10.1111/apt.12377
https://doi.org/10.1111/apt.12377
https://doi.org/10.1016/j.dld.2017.02.003
https://doi.org/10.1177/0962280215597579
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1016/j.xcrm.2021.100437
https://doi.org/10.1016/j.jhep.2020.04.003
https://doi.org/10.1038/s41588-022-01199-5
https://doi.org/10.1038/s41588-022-01199-5
https://doi.org/10.3945/ajcn.112.034934
https://doi.org/10.3945/ajcn.112.034934
https://doi.org/10.1371/journal.pgen.1003796
https://doi.org/10.1093/hmg/ddt239
https://doi.org/10.1038/s42003-020-01575-z
https://doi.org/10.1371/journal.pgen.1001045
https://doi.org/10.1681/ASN.2009111104
https://doi.org/10.1093/hmg/ddu546
https://doi.org/10.1093/hmg/ddu546
https://doi.org/10.1016/j.ajhg.2009.02.011
https://doi.org/10.1371/journal.pgen.1003530
https://doi.org/10.2337/dc20-1328
https://doi.org/10.1038/s41467-017-02662-2
https://doi.org/10.3945/ajcn.114.093146
https://doi.org/10.1093/hmg/ddr387
https://doi.org/10.1093/hmg/ddr387
https://doi.org/10.1093/hmg/ddr296
https://doi.org/10.1038/s41588-020-00757-z
https://doi.org/10.1038/s41588-020-00757-z
https://doi.org/10.1038/nrdp.2018.16
https://doi.org/10.3389/fimmu.2022.1039241
https://doi.org/10.1016/j.cmet.2008.09.012
https://doi.org/10.1002/sim.3034
https://doi.org/10.1093/ije/dyv080


8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:1105  | https://doi.org/10.1038/s41598-024-51609-3

www.nature.com/scientificreports/

	36.	 Bowden, J., Davey Smith, G., Haycock, P. C. & Burgess, S. Consistent estimation in Mendelian randomization with some invalid 
instruments using a weighted median estimator. Genet. Epidemiol. 40, 304–314. https://​doi.​org/​10.​1002/​gepi.​21965 (2016).

	37.	 Burgess, S., Bowden, J., Fall, T., Ingelsson, E. & Thompson, S. G. Sensitivity analyses for robust causal inference from Mendelian 
randomization analyses with multiple genetic variants. Epidemiology 28, 30–42. https://​doi.​org/​10.​1097/​EDE.​00000​00000​000559 
(2017).

	38.	 Verbanck, M., Chen, C. Y., Neale, B. & Do, R. Detection of widespread horizontal pleiotropy in causal relationships inferred from 
Mendelian randomization between complex traits and diseases. Nat. Genet. 50, 693–698. https://​doi.​org/​10.​1038/​s41588-​018-​
0099-7 (2018).

	39.	 Hemani, G., Tilling, K. & Davey Smith, G. Orienting the causal relationship between imprecisely measured traits using GWAS 
summary data. PLoS Genet. 13, e1007081. https://​doi.​org/​10.​1371/​journ​al.​pgen.​10070​81 (2017).

	40.	 Brion, M. J., Shakhbazov, K. & Visscher, P. M. Calculating statistical power in Mendelian randomization studies. Int. J. Epidemiol. 
42, 1497–1501. https://​doi.​org/​10.​1093/​ije/​dyt179 (2013).

	41.	 Wang, K., Yang, F., Zhang, P., Yang, Y. & Jiang, L. Genetic effects of iron levels on liver injury and risk of liver diseases: A two-sample 
Mendelian randomization analysis. Front. Nutr. 9, 964163. https://​doi.​org/​10.​3389/​fnut.​2022.​964163 (2022).

	42.	 Liu, C. et al. Iron status and NAFLD among European populations: A bidirectional two-sample Mendelian randomization study. 
Nutrients https://​doi.​org/​10.​3390/​nu142​45237 (2022).

	43.	 Dongiovanni, P., Fracanzani, A. L., Fargion, S. & Valenti, L. Iron in fatty liver and in the metabolic syndrome: A promising thera-
peutic target. J. Hepatol. 55, 920–932. https://​doi.​org/​10.​1016/j.​jhep.​2011.​05.​008 (2011).

	44.	 Mayneris-Perxachs, J. et al. Iron status influences non-alcoholic fatty liver disease in obesity through the gut microbiome. Micro-
biome 9, 104. https://​doi.​org/​10.​1186/​s40168-​021-​01052-7 (2021).

	45.	 Cortez-Pinto, H. et al. How different is the dietary pattern in non-alcoholic steatohepatitis patients?. Clin. Nutr. 25, 816–823. 
https://​doi.​org/​10.​1016/j.​clnu.​2006.​01.​027 (2006).

	46.	 Li, J., Yu, J., Yang, J., Cui, J. & Sun, Y. Dietary iron and zinc intakes and nonalcoholic fatty liver disease: A meta-analysis. Asia Pac. 
J. Clin. Nutr. 30, 704–714. https://​doi.​org/​10.​6133/​apjcn.​202112_​30(4).​0017 (2021).

	47.	 Tan, L., Zhou, Q., Liu, J., Liu, Z. & Shi, R. Association of iron status with non-alcoholic fatty liver disease and liver fibrosis in US 
adults: A cross-sectional study from NHANES 2017–2018. Food Funct. 14, 5653–5662. https://​doi.​org/​10.​1039/​d2fo0​4082d (2023).

	48.	 Kowdley, K. V. Iron overload in patients with chronic liver disease. Gastroenterol. Hepatol. (N Y) 12, 695–698 (2016).
	49.	 Kimura, F. et al. Additional effect of low iron diet on iron reduction therapy by phlebotomy for chronic hepatitis C. Hepatogastro-

enterology 52, 563–566 (2005).
	50.	 Yang, Z. et al. Plasma selenium levels and nonalcoholic fatty liver disease in Chinese adults: A cross-sectional analysis. Sci. Rep. 6, 

37288. https://​doi.​org/​10.​1038/​srep3​7288 (2016).
	51.	 Wang, X., Seo, Y. A. & Park, S. K. Serum selenium and non-alcoholic fatty liver disease (NAFLD) in U.S. adults: National Health 

and Nutrition Examination Survey (NHANES) 2011–2016. Environ. Res. 197, 111190 https://​doi.​org/​10.​1016/j.​envres.​2021.​111190 
(2021).

	52.	 Wu, J. et al. Association between dietary selenium intake and the prevalence of nonalcoholic fatty liver disease: A cross-sectional 
study. J. Am. Coll. Nutr. 39, 103–111. https://​doi.​org/​10.​1080/​07315​724.​2019.​16132​71 (2020).

	53.	 Loomba, R. et al. Exposure to a high selenium environment in Punjab, India: Effects on blood chemistry. Sci. Total Environ. 716, 
135347. https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​135347 (2020).

	54.	 Lazard, M., Dauplais, M., Blanquet, S. & Plateau, P. Recent advances in the mechanism of selenoamino acids toxicity in eukaryotic 
cells. Biomol. Concepts 8, 93–104. https://​doi.​org/​10.​1515/​bmc-​2017-​0007 (2017).

	55.	 Hasegawa, T., Taniguchi, S., Mihara, M., Nakamuro, K. & Sayato, Y. Toxicity and chemical form of selenium in the liver of mice 
orally administered selenocystine for 90 days. Arch. Toxicol. 68, 91–95. https://​doi.​org/​10.​1007/​s0020​40050​040 (1994).

	56.	 Mueller, A. S. et al. Redox regulation of protein tyrosine phosphatase 1B by manipulation of dietary selenium affects the triglyceride 
concentration in rat liver. J. Nutr. 138, 2328–2336. https://​doi.​org/​10.​3945/​jn.​108.​089482 (2008).

	57.	 Shojaei Zarghani, S. et al. Dietary selenium intake in relation to non-alcoholic fatty liver disease assessed by fatty liver index and 
hepatic steatosis index; A cross-sectional study on the baseline data of prospective PERSIAN Kavar cohort study. BMC Endocr. 
Disord. 23, 51. https://​doi.​org/​10.​1186/​s12902-​023-​01307-4 (2023).

	58.	 Vinceti, M., Filippini, T. & Rothman, K. J. Selenium exposure and the risk of type 2 diabetes: A systematic review and meta-analysis. 
Eur. J. Epidemiol. 33, 789–810. https://​doi.​org/​10.​1007/​s10654-​018-​0422-8 (2018).

	59.	 Bellinger, F. P., Raman, A. V., Reeves, M. A. & Berry, M. J. Regulation and function of selenoproteins in human disease. Biochem. 
J. 422, 11–22. https://​doi.​org/​10.​1042/​BJ200​90219 (2009).

	60.	 Arbogast, S. & Ferreiro, A. Selenoproteins and protection against oxidative stress: Selenoprotein N as a novel player at the crossroads 
of redox signaling and calcium homeostasis. Antioxid. Redox Signal 12, 893–904. https://​doi.​org/​10.​1089/​ars.​2009.​2890 (2010).

	61.	 Houstis, N., Rosen, E. D. & Lander, E. S. Reactive oxygen species have a causal role in multiple forms of insulin resistance. Nature 
440, 944–948. https://​doi.​org/​10.​1038/​natur​e04634 (2006).

	62.	 Koroglu, E. et al. Role of oxidative stress and insulin resistance in disease severity of non-alcoholic fatty liver disease. Turk. J. 
Gastroenterol. 27, 361–366. https://​doi.​org/​10.​5152/​tjg.​2016.​16106 (2016).

	63.	 Costa, D. S. et al. Vitamin B12 and homocysteine levels in patients with Nafld: A systematic review and metanalysis. Arq. Gastro-
enterol. 58, 234–239. https://​doi.​org/​10.​1590/​S0004-​2803.​20210​0000-​42 (2021).

	64.	 Li, L. et al. The association between non-alcoholic fatty liver disease (NAFLD) and advanced fibrosis with serological vitamin B12 
markers: Results from the NHANES 1999–2004. Nutrients https://​doi.​org/​10.​3390/​nu140​61224 (2022).

	65.	 Bertol, F. S. et al. Role of micronutrients in staging of nonalcoholic fatty liver disease: A retrospective cross-sectional study. World 
J. Gastrointest. Surg. 12, 269–276. https://​doi.​org/​10.​4240/​wjgs.​v12.​i6.​269 (2020).

	66.	 Tayyem, R. F., Al-Dayyat, H. M. & Rayyan, Y. M. Relationship between lifestyle factors and nutritional status and non-alcoholic 
fatty liver disease among a group of adult Jordanians. Arab. J. Gastroenterol. 20, 44–49. https://​doi.​org/​10.​1016/j.​ajg.​2019.​01.​008 
(2019).

	67.	 Chen, L. et al. Diet-derived antioxidants and nonalcoholic fatty liver disease: A Mendelian randomization study. Hepatol. Int. 17, 
326–338. https://​doi.​org/​10.​1007/​s12072-​022-​10443-3 (2023).

	68.	 Erhardt, A. et al. Plasma levels of vitamin E and carotenoids are decreased in patients with nonalcoholic steatohepatitis (NASH). 
Eur. J. Med. Res. 16, 76–78. https://​doi.​org/​10.​1186/​2047-​783x-​16-2-​76 (2011).

	69.	 Xiao, M. L. et al. Higher serum carotenoids associated with improvement of non-alcoholic fatty liver disease in adults: A prospec-
tive study. Eur. J. Nutr. 58, 721–730. https://​doi.​org/​10.​1007/​s00394-​018-​1678-1 (2019).

	70.	 Christensen, K., Lawler, T. & Mares, J. Dietary carotenoids and non-alcoholic fatty liver disease among US adults, NHANES 
2003(–)2014. Nutrients https://​doi.​org/​10.​3390/​nu110​51101 (2019).

	71.	 Murillo, A. G., DiMarco, D. M. & Fernandez, M. L. The potential of non-provitamin A carotenoids for the prevention and treat-
ment of non-alcoholic fatty liver disease. Biology (Basel) https://​doi.​org/​10.​3390/​biolo​gy504​0042 (2016).

	72.	 Wardi, J. et al. Beta-carotene attenuates experimentally induced liver cirrhosis in rats. Isr. Med. Assoc. J. 3, 151–154 (2001).
	73.	 Coelho, J. M. et al. Association between serum and dietary antioxidant micronutrients and advanced liver fibrosis in non-alcoholic 

fatty liver disease: An observational study. PeerJ 8, e9838. https://​doi.​org/​10.​7717/​peerj.​9838 (2020).
	74.	 Chen, Y. et al. Potential role of inflammation in relation to dietary sodium and beta-carotene with non-alcoholic fatty liver disease: 

a mediation analysis. Nutr. Diabetes 12, 40. https://​doi.​org/​10.​1038/​s41387-​022-​00218-y (2022).

https://doi.org/10.1002/gepi.21965
https://doi.org/10.1097/EDE.0000000000000559
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1371/journal.pgen.1007081
https://doi.org/10.1093/ije/dyt179
https://doi.org/10.3389/fnut.2022.964163
https://doi.org/10.3390/nu14245237
https://doi.org/10.1016/j.jhep.2011.05.008
https://doi.org/10.1186/s40168-021-01052-7
https://doi.org/10.1016/j.clnu.2006.01.027
https://doi.org/10.6133/apjcn.202112_30(4).0017
https://doi.org/10.1039/d2fo04082d
https://doi.org/10.1038/srep37288
https://doi.org/10.1016/j.envres.2021.111190
https://doi.org/10.1080/07315724.2019.1613271
https://doi.org/10.1016/j.scitotenv.2019.135347
https://doi.org/10.1515/bmc-2017-0007
https://doi.org/10.1007/s002040050040
https://doi.org/10.3945/jn.108.089482
https://doi.org/10.1186/s12902-023-01307-4
https://doi.org/10.1007/s10654-018-0422-8
https://doi.org/10.1042/BJ20090219
https://doi.org/10.1089/ars.2009.2890
https://doi.org/10.1038/nature04634
https://doi.org/10.5152/tjg.2016.16106
https://doi.org/10.1590/S0004-2803.202100000-42
https://doi.org/10.3390/nu14061224
https://doi.org/10.4240/wjgs.v12.i6.269
https://doi.org/10.1016/j.ajg.2019.01.008
https://doi.org/10.1007/s12072-022-10443-3
https://doi.org/10.1186/2047-783x-16-2-76
https://doi.org/10.1007/s00394-018-1678-1
https://doi.org/10.3390/nu11051101
https://doi.org/10.3390/biology5040042
https://doi.org/10.7717/peerj.9838
https://doi.org/10.1038/s41387-022-00218-y


9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:1105  | https://doi.org/10.1038/s41598-024-51609-3

www.nature.com/scientificreports/

	75.	 Winarto, J., Song, D. G. & Pan, C. H. The role of fucoxanthin in non-alcoholic fatty liver disease. Int. J. Mol. Sci. https://​doi.​org/​
10.​3390/​ijms2​40982​03 (2023).

	76.	 Shih, P. H. et al. Fucoidan and fucoxanthin attenuate hepatic steatosis and inflammation of NAFLD through modulation of leptin/
adiponectin axis. Mar. Drugs https://​doi.​org/​10.​3390/​md190​30148 (2021).

	77.	 Jaroenlapnopparat, A., Suppakitjanusant, P., Ponvilawan, B. & Charoenngam, N. Vitamin D-related genetic variations and non-
alcoholic fatty liver disease: A systematic review. Int. J. Mol. Sci. https://​doi.​org/​10.​3390/​ijms2​31691​22 (2022).

	78.	 Kaul, S., Zadeh, A. A. & Shah, P. K. Homocysteine hypothesis for atherothrombotic cardiovascular disease: Not validated. J. Am. 
Coll. Cardiol. 48, 914–923. https://​doi.​org/​10.​1016/j.​jacc.​2006.​04.​086 (2006).

	79.	 Yuan, S. et al. Homocysteine, folate, and nonalcoholic fatty liver disease: A systematic review with meta-analysis and Mendelian 
randomization investigation. Am. J. Clin. Nutr. 116, 1595–1609. https://​doi.​org/​10.​1093/​ajcn/​nqac2​85 (2022).

	80.	 Pastore, A. et al. Plasma levels of homocysteine and cysteine increased in pediatric NAFLD and strongly correlated with severity 
of liver damage. Int. J. Mol. Sci. 15, 21202–21214. https://​doi.​org/​10.​3390/​ijms1​51121​202 (2014).

	81.	 Tripathi, M. et al. Vitamin B(12) and folate decrease inflammation and fibrosis in NASH by preventing syntaxin 17 homocyst-
einylation. J. Hepatol. 77, 1246–1255. https://​doi.​org/​10.​1016/j.​jhep.​2022.​06.​033 (2022).

	82.	 DaveySmith, G. & Ebrahim, S. What can Mendelian randomisation tell us about modifiable behavioural and environmental 
exposures?. BMJ 330, 1076–1079. https://​doi.​org/​10.​1136/​bmj.​330.​7499.​1076 (2005).

Acknowledgements
We thank all the researchers and participants of the studies involved in the Mendelian randomization.

Author contributions
K.L.: Conceptualization, Methodology, Formal analysis, Writing-original draft, Visualization. Y.C.: Validation, 
Data curation, Revised. J.-X.C.: Conceptualization, Writing-Original draft. W.-W.C.: Conceptualization. X.-
H.S.: Methodology, Project administration. Y.-Y.M.: Conceptualization, Methodology, Project administration. 
D.Y.: Conceptualization, Writing-review & editing, Methodology, Supervision, Project administration, Funding 
acquisition.

Funding
This work was supported by grants from the National Natural Science Foundation of China (82204843), and the 
Traditional Chinese Medicine of Zhejiang Province Science and Technology plan project (2023ZR084).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​51609-3.

Correspondence and requests for materials should be addressed to D.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.3390/ijms24098203
https://doi.org/10.3390/ijms24098203
https://doi.org/10.3390/md19030148
https://doi.org/10.3390/ijms23169122
https://doi.org/10.1016/j.jacc.2006.04.086
https://doi.org/10.1093/ajcn/nqac285
https://doi.org/10.3390/ijms151121202
https://doi.org/10.1016/j.jhep.2022.06.033
https://doi.org/10.1136/bmj.330.7499.1076
https://doi.org/10.1038/s41598-024-51609-3
https://doi.org/10.1038/s41598-024-51609-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Genetically determined circulating micronutrients and the risk of nonalcoholic fatty liver disease
	Methods
	Overview
	Outcome data sources
	Selection of instrumental SNPs
	Statistical analysis

	Results
	Significant associations of circulating iron, selenium and vitamin B12 with risk of NAFLD
	Nominal associations of circulating β-carotene with risk of NAFLD
	Nonsignificant associations

	Discussion
	Circulating iron levels were associated with increased risks of NAFLD
	Circulating selenium levels were associated with increased risks of NAFLD
	Circulating vitamin B12 levels were associated with increased risks of NAFLD
	Circulating β-carotene levels were associated with decreased risks of NAFLD
	Insignificant associations between other micronutrients and NAFLD
	Strengths and limitations of this study

	Conclusions
	References
	Acknowledgements


