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ABSTRACT

Senile cataract (SC) is a major cause of global vision impairment and blindness, posing a significant public health challenge in
aging populations. This study employed Mendelian randomization (MR) using genetic instruments for 83 dietary habits from
the UK Biobank GWAS, with SC data from the FinnGen R12 as the outcome. We employed multiple MR methods, including
bidirectional MR, replication sample MR, and multivariable MR (MVMR), to identify dietary habits significantly associated with
SC. The potential mediating effects of inflammatory biomarkers were further assessed using a two-step MR. Finally, to validate
the core findings, additional analyses employed independent datasets for the overall cataract phenotype and the cataract surgi-
cal endpoint. After false discovery rate correction and validation in an independent cohort, meal-aligned alcohol consumption,
compared to drinking apart from meals, demonstrated a substantial and robust protective causal effect against SC (OR=0.67;
95% CI1=0.55-0.82; p=5.86%x107>). MVMR sustained this independent protective effect after adjusting for 15 outcome-related
confounders. Mediation analysis indicated partial mediation through inflammatory pathways, with IL-6 accounting for 11% and
CRP for 6% of the effect. Further analyses using independent datasets also linked this drinking pattern to a reduced likelihood
of undergoing cataract surgery (OR=0.99; 95% CI=0.98-0.99; p=2.34x107°) and a lower risk of overall cataract (OR=0.83;
95% CI=0.76-0.91; p=5.26 X 10~°). This study reveals that, compared to drinking without meals, consuming alcohol with meals
causally reduces SC risk among current drinkers, partially mediated through inflammatory pathways. These findings suggest
that alcohol-related nutritional strategies for SC should therefore shift focus from solely type and quantity to include consump-
tion timing.

1 | Introduction the elderly globally (GBD 2019 Blindness and Vision Impairment

Collaborators and Vision Loss Expert Group of the Global
Cataracts refer to the opacification of the lens that obstructs light Burden of Disease Study 2021). The World Health Organization
transmission and leads to significant visual impairment, repre- estimates that around 180 million people worldwide are visu-
senting the primary cause of vision loss and blindness among ally impaired, with cataracts accounting for 46% of these cases,
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posing a substantial public health burden (Asbell et al. 2005;
Bourne et al. 2013). Senile cataracts (SC), or age-related cata-
racts, are the most common type among adults. In 2020, approx-
imately 13.4 million people were blind due to SC, constituting
34.8% of all blindness cases (GBD 2019 Blindness and Vision
Impairment Collaborators and Vision Loss Expert Group of the
Global Burden of Disease Study 2021). The development of SC
is associated with multiple factors, including aging, genetics,
nutritional deficiencies, metabolic and immune abnormalities,
and environmental influences, which collectively contribute
to lens metabolic dysfunction (Asbell et al. 2005). Despite ad-
vancements in cataract surgery techniques and the introduction
of various artificial lenses, SC continues to pose a substantial
disease burden and economic strain, particularly in developing
countries where surgical resources and qualified ophthalmol-
ogists are limited (He et al. 2017; Yan et al. 2019). Surgery is
regarded as the sole curative treatment for this disease; how-
ever, it presents notable limitations, including variability in ef-
ficacy among individuals, heightened contraindications, risks
of complications, and substantial costs (Lee and Afshari 2023;
Priyadarshini et al. 2023). Consequently, due to the challenges
associated with the rising incidence rate, complex etiology, and
the limitations of surgical treatment in addressing all patient
needs, it is essential to identify the risk factors for SC to inform
prevention strategies and mitigate its progression.

Diet is a key modifiable lifestyle factor. Numerous observational
studies have suggested that dietary habits may influence SC risk
(Falkowska et al. 2023; Zhou et al. 2022). For instance, high-
sugar, high-fat, and pro-inflammatory diets may promote cata-
ract formation through mechanisms such as advanced glycation
end products (AGEs), oxidative stress, and chronic inflamma-
tion. High glucose exposure can prolong lens protein damage,
leading to aggregation and opacity (Franke et al. 2003; Ramos-
Martinez et al. 2021). High-fat diet consumption can result in
lipid peroxidation, which induces oxidative stress in lens epithe-
lial cells, thereby causing cellular damage and elevating the risk
of lens opacification (Lu et al. 2005). Pro-inflammatory diets
may elevate markers like IL-6 and CRP, promoting lens epithe-
lial changes and cataract formation (Shivappa et al. 2017; Wu
et al. 2018). Some studies, such as that by Camacho-Barcia et al.,
suggest protective effects of yogurt consumption (Camacho-
Barcia et al. 2019), whereas others, like Tan et al., found no
significant link between whole grains and SC (Tan et al. 2020).
However, observational studies are limited by potential re-
verse causality and confounding factors. Broader, genetically
informed approaches are needed to evaluate the role of dietary
patterns in SC systematically.

Mendelian randomization (MR) serves as a robust approach for
investigating the presumed causal link between various dietary
habits and SC. Single-nucleotide polymorphisms (SNPs) associ-
ated with exposure serve as instrumental variables (IVs) to ex-
amine the causal relationship between exposure (dietary habits)
and outcome (SC) (Smith and Ebrahim 2003). MR exploits the
random allocation of genetic variants during meiosis, offering
a “natural” randomized controlled trial (RCT) to infer causal-
ity. The natural random allocation mechanism of genetic vari-
ation prior to exposure effectively avoids confounding bias and
reverse causality interference (Davies et al. 2018). MR offers ro-
bust evidence supporting causal relationships among variables.

This study employed MR and extensive genome-wide associa-
tion studies (GWAS) to elucidate the causal relationship between
prevalent dietary habits and the risk of SC, offering scientific
strategies for the prevention of modifiable risk factors associated
with SC.

2 | Methods
2.1 | Study Design

This research employed the MR method utilizing publicly ac-
cessible GWAS data to integrate dietary habits with SC genetic
information. We systematically investigated the causal rela-
tionship between dietary habits and the incidence risk of SC, as
well as its potential mechanisms, using two-sample MR, multi-
variate MR, and two-step MR methods. As shown in Figure 1.
To ensure the reliability of MR analysis, the study adhered to
three core assumptions: first, instrumental variables (IVs) must
be significantly correlated with the exposure factor (correlation
assumption); second, IVs must be independent of confounding
factors (independence assumption); and third, IVs must influ-
ence the outcome variable solely through the target exposure
(exclusivity assumption). Furthermore, to ensure methodolog-
ical quality control during the process, this study followed
the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) guidelines (Skrivankova et al. 2021)
(Data S3).

2.2 | Data Sources

To minimize confounding and ensure robust results, all ex-
posure and outcome data were derived exclusively from
European-ancestry populations with no sample overlap. Dietary
habits data were sourced from the official website of the Type
2 Diabetes Knowledge Portal (http://www.kp4cd.org/dataset_
downloads/t2d), as provided by Cole et al., using GWAS results
on 83 dietary habits collected from food frequency question-
naires completed by 449,210 individuals across Europe (Cole
et al. 2020) (Table S1). Table S2 presents additional details on
the questionnaires. The GWAS data for SC were sourced from
the FinnGen consortium (https://r12.finngen.fi/), comprising
83,886 cases and 409,535 controls. Simultaneously, we utilized
GWAS data for SC, as summarized by Zhou et al. (2018), to val-
idate the prior MR analysis findings. Aggregate statistical data
utilized as confounding variables in multivariate Mendelian
Randomization analysis are accessible on the official website of
the Integrated Epidemiological Units (IEU) Open GWAS Project
(https://gwas.mrcieu.ac.uk/). The data encompass dysglyce-
mia phenotypes (Hemoglobin Alc, Fasting glucose, Two-hour
glucose, Type 2 diabetes), adiposity phenotypes (Body Mass
Index, Waist-to-hip ratio, Body fat percentage), blood pressure
dysregulation phenotype (Systolic Blood Pressure, Diastolic
Blood Pressure, Hypertension), dyslipidemia phenotypes (Low-
Density Lipoprotein, High-Density Lipoprotein, Triglycerides),
and lifestyle habits and environmental factors (Smoking sta-
tus, Educational attainment). Furthermore, to investigate the
mediating effect of dietary habits on SC, we concentrated on
12 inflammatory markers. These markers were chosen based
on their established associations with both dietary factors and
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FIGURE1 | An overview of the study design. FDR, false discovery rate; I'Vs, instrumental variables; MAF, minor allele frequency; MR, mende-

lian randomization; RAPS, robust adjusted profile score; SNPs, single-nucleotide polymorphisms.

cataract formation, as identified in existing GWAS datasets and
prior literature (Ma et al. 2022; Shivappa et al. 2017; Vergroesen
et al. 2023). The specific markers include: C-Reactive Protein
(CRP), Fibroblast Growth Factor 23 (FBG-23), FBG Basic,
Monocyte Chemoattractant Protein-1 (MCP-1), Platelet-Derived
Growth Factor BB (PDGFBB), Tumor Necrosis Factor Alpha
(TNF-a), TNF-Related Apoptosis-Inducing Ligand, Vascular
Endothelial Growth Factor (VEGF), Interleukin-6 (IL-6), IL-
10, IL-16, and Interleukin-1 Receptor Antagonist (IL-1Ra).
To strengthen the validity of significant findings in SC, we
conducted further analysis using summarized GWAS data
from Boutin et al. (2020) on Cataracts operation and Sakaue
et al. (2021) on Cataracts. Comprehensive details on the GWAS
summary datasets are presented in Table S1.

2.3 | Instrumental Variable Selection

To ensure the accuracy and authenticity of the study results, the
following criteria were employed to identify the instrumental
variables (Nazarian et al. 2019; Su, Li, et al. 2025). First, SNPs
associated with dietary habits were selected based on a GWAS
threshold of p < 5x10~¢ and subjected to linkage disequilibrium

clumping with an r?<0.001 and clumping distance of 10,000kb.
Second, SNPs with minor allele frequencies (MAF)<0.01 were
excluded to maintain population representativeness. Third, we
retained only SNPs with high instrumental variable strength,
requiring F-statistic values to be >10 (where F={_exposure?/
SE_exposure?) (Burgess and Thompson 2011). Fourth, using the
FastTraitR method (Wang et al. 2025), we strictly excluded SNPs
significantly associated with SC outcomes or other potential con-
founding phenotypes (e.g., age, myopia, axial length, diabetes,
smoking) with p < 5x1073. Finally, we excluded all palindromic
SNPs to avoid uncertainty in genotype chain direction and ap-
plied MR pleiotropy residuals and outlier (MR-PRESSO) tests to
identify and remove abnormal SNPs with significant pleiotropy.

2.4 | Bidirectional MR Analyses

Initially, a bidirectional MR analysis was performed to eval-
uate the relationship between dietary habits and SC. The
inverse-variance weighted (IVW) method served as the pri-
mary analytical approach, supplemented by additional meth-
ods including MR-Egger, weighted median, weighted mode,
Bayesian weighted MR (BWMR), robust adjusted profile
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score (RAPS), and contamination mixture (ConMix) (Lawlor
et al. 2008). The MR analysis's effect estimates are presented
as odds ratios (ORs) together with the associated 95% CIs. The
advantage of the IVW method lies in its ability to account
for heterogeneity among instrumental variable SNPs and to
deliver reliable causal estimates even in the presence of di-
rectional pleiotropy (Lawlor et al. 2008; Verbanck et al. 2018).
However, recognizing that IVW results can be influenced by
weak instruments and pleiotropy, we applied a suite of com-
plementary MR analysis methods to evaluate the genetic
causality between dietary habits and SC from multiple an-
gles, thereby enhancing the accuracy and robustness of our
findings. For detailed descriptions of additional MR methods,
please refer to Data S4. Then, reverse MR was performed on
key exposures to rule out reverse causation, using the same
method as forward MR but with the exposure and outcome
swapped (Su, Lu, et al. 2025). Moreover, positive results were
further validated using GWAS summary data from the repli-
cation sample as the outcome.

2.5 | Multivariable MR Analyses

Dietary habits with significant correlations in both primary and
replicated bidirectional MR analyses were selected for MVMR
validation to assess the independence of causal effects from
potential confounders. Hyperglycemia is a key covariate, as it
impairs ocular health and increases cataract risk by inducing
oxidative stress and accumulating AGEs (Meng et al. 2024).
Hypertension also drives cataract progression, as it elevates in-
flammatory factors (Yu et al. 2014). Additionally, obesity and
elevated serum lipids are recognized covariates associated with
a higher incidence of cataracts (Bosello et al. 2024; Jee and
Park 2021; Li et al. 2018). Beyond these physiological factors,
environmental and behavioral elements contribute, including
genetic susceptibility to smoking (Nordstrom et al. 2025). Lower
educational attainment, which often correlates with poorer
dietary habits, further increases cataract susceptibility (Nam
et al. 2015). The primary method employed was IVW, sup-
ported by auxiliary techniques, including MR-Egger, weighted
median, MR-Lasso, and MR-Robust, in the MVMR analysis.
Heterogeneity was assessed using Cochran's Q statistic, and
pleiotropy was evaluated with the MVMR-Egger intercept test.

2.6 | Two-Step MR Analyses

A two-step MR framework was employed to investigate whether
12 inflammatory markers, closely associated with diet and cat-
aracts, mediate the relationship between dietary habits and SC,
elucidating causal links identified in prior analyses.

2.7 | Sensitivity Analysis

To mitigate the impact of heterogeneity and pleiotropy in MR
analysis, several sensitivity tests were conducted. Specifically,
Cochran's Q test indicates heterogeneity when the p-value
<0.05, a condition that is acceptable if IVW with random ef-
fects is the primary outcome (Greco et al. 2015). Funnel plots
were generated to examine potential directional pleiotropy, and

MR-Egger intercept tests were utilized to evaluate horizontal
pleiotropy. Additionally, leave-one-out analysis was conducted
to evaluate whether the MR estimates were influenced by a
single SNP or subject to bias. Potential pleiotropy and outliers
were assessed using MR-PRESSO; a global test was used to de-
tect the presence of horizontal pleiotropy and outliers in the
instrumental variables. If outliers existed, the MR analysis was
repeated after eliminating these outliers (Verbanck et al. 2018).
False discovery rate (FDR) correction was applied for multiple
testing, with p <0.05 and g <0.1 indicating a significant causal
association, while p<0.05 and g> 0.1 suggesting a potential
causal effect (Chen et al. 2023). This approach ensures robust
statistical evaluation and provides a reliable basis for under-
standing the complex relationships between dietary habits
and SC.

Finally, to validate the robustness of the core findings, we con-
ducted additional analysis utilizing summarized GWAS data
from Zhou et al. (2018) regarding Cataract operations and
Sakaue et al. (2021) on Cataracts.

2.8 | Statistics Analysis

Statistical analyses were performed by R software (version 4.4.3)
with the following packages: “TwoSample MR” (version 0.6.15),
“MendelianRandomization” (version 0.10.0), “MVMR” (version
0.4), “FastTraitR” (version 1.0.1), “MRPRESSO” (version 1.0),
“fdrtool” (version 1.2.18).

3 | Results
3.1 | Bidirectional MR Analysis

Following a series of quality control, 5262 SNPs strongly linked
with 83 dietary habits were included. All F-statistics were above
10 (range: 19.44-682.57), indicating robust instrument strength
and mitigating weak instrument bias. The SNP number per
exposure ranged between 8 and 217, as specified in Tables S3
and Sé6.

3.1.1 | Causal Effects of Dietary Habits on
Senile Cataract

Among 83 dietary habits, 16 were identified as associated expo-
sures to SC in forward bidirectional MR (Figure 2). Specifically,
10 dietary habits were associated with a reduced risk of SC,
including “drinks usually with meals in current drinkers (yes
vs no)” (OR=0.86; 95% CIL: 0.78-0.94; p=8.26%x107%), “cups
of tea per day” (OR=0.86; 95% CI: 0.77-0.97, p=1.20X1072),
“alcohol usually taken with meals (yes and it varies vs no)”
(OR=0.79; 95% CI: 0.70-0.90; p=4.15x10"%), “bread type:
wholemeal/wholegrain vs white and brown” (OR=0.88; 95%
CI: 0.79-0.98; p=1.96x1072), “bread type: wholemeal or
wholegrain” (OR=0.87; 95% CI: 0.78-0.99; p=2.73x1072),
“milk type used: skimmed vs never have milk” (OR =0.82; 95%
CI: 0.68-0.99; p=3.71%x1072), “cereal consumption (bowls per
week)” (OR=0.86; 95% CI: 0.76-0.98; p=2.31x1072), “spread
type: olive oil spread vs never use spread” (OR=0.86; 95% CI:
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Exposure Outcome nSNP  Forest Plot Estimate Pval P-fdr

Drinks usually with meals in current drinkers (yes vs no) SC 112 - E 0.86 (0.78,0.94) 8.3E-04 0.0343
Cups of tea per day SC 124 —=— 0.86 (0.77,0.97) 1.2E-02 0.1667
Alcohol usually taken with meals(yes and it varies vs no) SC 98 —-— i 0.79 (0.70, 0.90) 4.2E-04 0.0343
Bread type: White vs wholemeal/wholegrain and brown SC 145 | —— 1.16 (1.05,1.28) 2.8E-03 0.0749
Bread type: Wholemeal/wholegrain vs white and brown SC 123 +E 0.88 (0.79,0.98) 2.0E-02 0.2134
Bread type: Wholemeal or wholegrain SC 105 —-—i 0.87 (0.78,0.99) 2.7E-02 0.2175
Bread type: White SC 128 —— 1.12(1.02,1.24) 23E-02 0.2134
Milk type used: Skimmed vs never have milk SC 20 —-—E 0.82(0.68,0.99) 3.7E-02 0.2368
Temperature of hot drinks SC 136 :r—-— 1.14 (1.00, 1.29) 4.9E-02 0.2547
Never eat dairy vs no dairy restrictions sC 15 X 2.33(1.03,5.29) 4.3E-02 0.2375
Never eat dairy vs no eggs, dairy, wheat or sugar restrictions  SC 15 E 2.06 (1.06,4.03) 3.4E-02 0.2340
Cereal consumption (bowls per week) SC 125 —— 0.86 (0.76,0.98) 2.3E-02 0.2134
Cereal type: Biscuit cereal SC 27 E—-— 1.38 (1.03, 1.83) 2.9E-02 0.2175
Spread type: Olive oil spread vs never use spread SC 16 —-—i 0.86 (0.75,0.99) 4.0E-02 0.2375
Spread type: Butter vs never use spread SC 46 —— 0.84 (0.74,0.94) 3.6E-03 0.0749
Spread type: Butter and margarine vs never use spread SC 51 —-—i 0.80 (0.68,0.95) 8.9E-03 0.1476

0.6 0!8 1| 1!5 é 215

Pval < 0.05 and P-fdr < 0.1 was considered statistically significant
Pval < 0.05 but P-fdr > 0.1 was considered nominally significant

FIGURE 2 |
SNPs; SC, senile cataract.

0.75-0.99; p=4.02x1072), “spread type: butter vs never use
spread” (OR=0.84; 95% CI: 0.74-0.94; p=3.61x1073), “spread
type: butter and margarine vs never use spread” (OR=0.80;
95% CI: 0.68-0.95; p=8.89x1073). On the contrary, six dietary
habits were associated with an increased risk of SC, includ-
ing “bread type: white vs wholemeal/wholegrain and brown”
(OR=1.16; 95% CI: 1.05-1.28; p=2.76%x1073), “bread type:
white” (OR =1.12; 95% CI: 1.02-1.24; p=2.26 X 1072), “tempera-
ture of hot drinks” (OR =1.14; 95% CI: 1.00-1.29; p=4.91 X 1072),
“never eat dairy vs no dairy restrictions” (OR=2.33; 95% CI:
1.03-5.29; p=4.29%x1072), “never eat dairy vs no eggs, dairy,
wheat, or sugar restrictions” (OR=2.06; 95% CI: 1.06-4.03;
p=3.38%x1072), “cereal type: biscuit cereal” (OR=1.38; 95% CI:
1.03-1.83; p=2.88x1072). The forward MR analysis results are
provided in Table S4, Figure S1 (scatter plots), and Figure S12
(complete forest plot).

Sensitivity analyses were conducted to assess the robustness of
the findings. MR-Egger regression was conducted on 16 signif-
icant dietary habits, revealing no pleiotropy in the MR-Egger
intercept test. Since random effects IVW served as the primary
analysis, the Cochran Q test demonstrated that heterogeneity
was acceptable. The funnel plots exhibited symmetrical distri-
butions (Figure S2). Furthermore, leave-one-out analyses indi-
cated that no single SNP markedly influenced the MR estimates
(Figure S3). The results of the sensitivity analyses are presented
in Table S5.

FDR correction was applied for multiple testing. Among 16 di-
etary habits, four showed significant associations with SC risk
after FDR adjustment: “drinks usually with meals in current
drinkers (yes vs no)” (IVW; p-FDR=0.03), “alcohol usually
taken with meals(yes and it varies vs no)” (IVW; p-FDR =0.03),
“bread type: white vs wholemeal/wholegrain and brown” (IVW;

Forest plot of the forward MR analysis using inverse-variance weighted method. FDR, false discovery rate; nSNP, the number of

p-FDR=0.07), “spread type: Butter vs never use spread”(IVW;
p-FDR=0.07). These associations were further supported by
ConMix and RAPS methods, indicating that these four habits
exhibit the strongest correlation with SC, while the remaining
twelve show weaker associations.

3.1.2 | Causal Effects of Senile Cataract on
Dietary Habits

To identify potential exposures for downstream analysis and
exclude exposures bidirectionally associated with SC, we con-
ducted a reverse MR analysis (Figure 3). The results indicated
a causal relationship between SC and “cups of tea per day”
(OR=1.02; 95% CI: 1.01-1.03; p=3.09%x 107%%), as well as with
“spread type: olive oil spread vs. never use spread” (IVW-OR:
1.03, 95% CI11.00-1.05, p=2.99 x 10792), the reverse MR analysis
results are provided in Table S7, Figure S4 (scatter plots), and
Figure S13 (complete forest plot). Additionally, when the “spread
type Butter vs never use spread” was used as the outcome, MR-
Egger regression revealed evidence of pleiotropy. The complete
sensitivity analysis results are provided in Table S8, with sym-
metrical funnel plots (Figure S5) and leave-one-out analyses in-
dicating no single SNP markedly influenced the MR estimates
(Figure S6).

3.2 | Replication Sample MR Analysis

In the bidirectional MR analysis, exposures with evidence of
bidirectional causality or pleiotropy were excluded. The remain-
ing 13 dietary habits showing significant or suggestive associa-
tions with SC were subsequently validated through MR analysis
in a replication cohort. A total of 1074 SNPs were included, all

Food Science & Nutrition, 2025

50f 12

85U8017 SUOWWIOD BAFe81D) 8|ed|dde 8U Aq pauRA0H 818 S3o1e YO ‘88N JO S3|NJ Joj AXJq 1T 8UIIUO AB]I/\ UO (SUOPUOD-PUe-SWB}/W0D" A8 1M Al [Bul U0/ StRY) SUOIPUOD PUe Swie | 8U3 88S *[9202/T0/TT] uo A%eiqi8ulluo AB|IM ‘99ETL EUSHZ00T OT/I0p/LL0d A8 M AIq1jeuluo//Sdiy Wouy papeo|umod ‘2T ‘S0z ‘LLTL870C



demonstrating strong instrument strength (F-statistics rang-
ing from 20.20 to 126.50) with no risk of weak instrument bias
(Table S9).

MR analysis replication showed that among the 4 associa-
tions significant after FDR correction in the initial analysis,
only “drinks usually with meals in current drinkers (yes vs
no)” maintained a significant causal effect on SC in indepen-
dent validation (OR=0.67; 95% CI=0.55-0.82; p=5.86x107>;
p-FDR <0.001), indicating a notable protective effect against

SC (Figure 4). The other nine dietary habits with suggestive
relationships showed no significant causal effects in the repli-
cation sample. The replication sample MR analysis results are
provided in Table S10, Figure S7 (scatter plots), and Figure S14
(complete forest plot).

Neither Cochran’s Q test nor the MR-Egger intercept test found
any evidence of heterogeneity or pleiotropy in the association
between “drinks usually with meals in current drinkers (yes vs
no)” and SC. Sensitivity analyses revealed symmetrical funnel

Outcome Exposure nSNP Forest Plot Estimate Pval

Drinks usually with meals in current drinkers (yes vs no) SC 112 —i:i— 1.00 (0.98, 1.01) 6.1E-01
Cups of tea per day SC 112 , —=— 1.02 (1.01,1.03) 3.1E-03
Alcohol usually taken with meals(yes and it varies vs no) sC 112 e 1,00 (0.99, 1.01) 7.7E-01
Bread type: White vs wholemeal/wholegrain and brown sC 110 — 0.99 (0.98, 1.01) 4.4E-01
Bread type: Wholemeal/wholegrain vs white and brown SC 109 :;.— 1.01(1.00, 1.03) 1.1E-01
Bread type: Wholemeal or wholegrain SC 108 :r—l— 1.01 (1.00, 1.03) 9.6E-02
Bread type: White SC 111 ——— 0.99 (0.98, 1.01) 2.9E-01
Milk type used: Skimmed vs never have milk SC 113 —'—:; 0.99 (0.98, 1.01) 5.8E-01
Temperature of hot drinks SC 110 :r—-— 1.01(1.00, 1.02) 1.6E-01
Never eat dairy vs no dairy restrictions SC 112 —4 1.00(0.99, 1.00) 7.2E-01
Never eat dairy vs no eggs, dairy, wheat or sugar restrictions ~ SC 112 —+— 1.00(0.99, 1.01) 8.3E-01
Cereal consumption (bowls per week) SC 111 —t 1.00(0.99, 1.02) 4.5E-01
Cereal type: Biscuit cereal SC 113 —l—i 0.99 (0.98, 1.00) 2.8E-01
Spread type: Olive oil spread vs never use spread SC 113 i—-— 1.03 (1.00, 1.05) 3.0E-02
Spread type: Butter vs never use spread SC 112 —— 1.01(1.00, 1.03) 1.2E-01
Spread type: Butter and margarine vs never use spread SC 111 :*—-— 1.01 (1.00, 1.03) 5.7E-02

O.‘95 0.138 1I 1.62 1.65

Pval < 0.05 was considered statistically significant

FIGURE3 |
SC, senile cataract.

Forest plot of the reverse MR analysis using inverse-variance weighted method. FDR, false discovery rate; nSNP, the number of SNPs;

Exposure Outcome nSNP  Forest Plot Estimate Pval P-fdr

Drinks usually with meals in current drinkers (yes vs no)  SC 102 - | 0.67 (0.55,0.82) 5.9E-05 0.0008
Alcohol usually taken with meals(yes and it varies vs no) SC 99 —-—E 0.75(0.56,1.00)  5.0E-02 0.1629
Bread type: White vs wholemeal/wholegrain and brown SC 142 —4:l— 1.02 (0.82,1.28) 8.3E-01 0.8311
Bread type: Wholemeal/wholegrain vs white and brown SC 115 —-—i 0.75(0.58,0.98) 3.4E-02 0.1629
Bread type: Wholemeal or wholegrain SC 103 _'._ 0.96 (0.76,1.23) 7.7E-01 0.8311
Bread type: White SC 130 —-— 0.94(0.75,1.19)  6.2E-01 0.8095
Milk type used: Skimmed vs never have milk SC 19 —i*— 1.13(0.71,1.81) 6.0E-01 0.8095
Temperature of hot drinks SC 128 —-E— 0.93(0.71,1.21)  5.8E-01 0.8095
Never eat dairy vs no dairy restrictions SC 15 : # 1.70 (0.27,10.95) 5.7E-01 0.8095
Never eat dairy vs no eggs, dairy, wheat or sugar restrictions ~ SC 15 E # 1.54(0.34,6.88) 5.7E-01 0.8095
Cereal consumption (bowls per week) SC 128 —4— 0.97 (0.76,1.25)  8.3E-01 0.8311
Cereal type: Biscuit cereal SC 27 E * 2.00(1.01,3.95) 4.5E-02 0.1629
Spread type: Butter and margarine vs never use spread SC 51 —.— 0.89(0.62,1.28) 5.4E-01 0.8095

Pval<0.05 and P-fdr<0.1 was considered statistically significant
Pval<0.05 but P-fdr>0.1 was considered nominally significant

FIGURE4 |
of SNPs; SC, senile cataract.

T T |
0206 1 2 3 4

Forest plot of the replication MR analysis using the inverse-variance weighted method. FDR, false discovery rate; nSNP, the number
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Exposure Adjustment Method nSNP OR (95% CI) P-value
Drinks usually with meals in current drinkers (yes vs no) None(UVMR) vw 112 —— 0.86 (0.78 to 0.94) 8.26E-04*
Drinks usually with meals in current drinkers (yes vs no) Dysglycemia phenotypes
Adjusted for HbA1c MVMR_IVW 173 F-m-d 0.86 (0.78 to 0.95) 2.92E-03*
MVMR_Lasso 160 [ R 0.83 (0.77 to 0.90) 1.38E-05"
Adjusted for Fasting glucose MVMR_IVW 43 [ 2 EEEE 0.84 (0.72 10 0.98) 2.57E-02°
MVMR_Lasso 40 [ — 0.81(0.71 10 0.93) 3.37E-03"
Adjusted for Two-hour glucose MVMR_IVW 138 [ 0.85 (0.79 t0 0.95) 2.06E-03"
MVMR_Lasso 124 bl 0.85(0.78 t0 0.92) 4.49E-05%
Adjusted for Type 2 diabetes MVMR_IVW 94 -y 0.85 (0.76 to 0.96) 6.41E-03*
MVMR_Lasso 77 [ 2] 0.84 (0.76 to0 0.92) 3.18E-04*
Drinks usually with meals in current drinkers (yes vs no) Adiposity phenotypes
Adjusted for BMI MVMR_IVW 681 [ ] 0.90 (0.82 to 0.98) 1.76E-02*
MVMR_Lasso 612 (& NI 0.87 (0.81t0 0.94) 1.86E-04*
Adjusted for Waist-to-hip ratio MVMR_IVW 107 b 0.83(0.75 t0 0.93) 8.40E-04%
MVMR_Lasso 92 F-m--l 0.81(0.74 to 0.88) 2.53E-06*
Adjusted for Body fat percentage MVMR_IVW 101 F--m--- 0.84 (0.75 t0 0.95) 5.85E-03*
MVMR_Lasso 88 [a— 0.83 (0.74 0 0.92) 3.38E-04*
Drinks usually with meals in current drinkers (yes vs no) Blood pi dysr
Adjusted for SBP MVMR_IVW 91 [ Sl 0.83 (0.74 to 0.92) 7.62E-04*
MVMR_Lasso 80 = 0.80(0.73 t0 0.88) 3.09E-06*
Adjusted for DBP MVMR_IVW 93 0.83(0.75 10 0.93) 8.56E-04%
MVMR_Lasso 83 F-E--l 0.80(0.73 10 0.87) 1.18E-06"
Adjusted for High blood pressure MVMR_IVW 101 b- -l 0.84 (0.75 t0 0.93) 7.99E-04*
MVMR_Lasso 89 F-m-- 0.83(0.76 to 0.91) 4.60E-05*
Drinks usually with meals in current drinkers (yes vs no) Dyslipidemia phenotypes
Adjusted for LDL MVMR_IVW 221 F-m--f 0.88 (0.79 t0 0.97) 1.31E-02*
MVMR_Lasso 194 F-m-4 0.85(0.78 to 0.92) 8.49E-05*
Adjusted for HDL MVMR_IVW 552 b-m-d 0.88 (0.80 to 0.96) 5.90E-03*
MVMR_Lasso 498 = I 0.84 (0.78 to 0.90) 3.24E-06"
Adjusted for TG MVMR_IVW 490 F-m-d 0.88 (0.81t0 0.97) 7.52E-03*
MVMR_Lasso 437 (= B 0.88 (0.82 to 0.95) 1.46E-03*
Drinks usually with meals in current drinkers (yes vs no) Lifestyle habits and environmental factors
Adjusted for Smoking status MVMR_IVW 301 [0 S| 0.84(0.73 0 0.98) 2.37E-02%
MVMR_Lasso 279 [ 0.86 (0.75 0 0.98) 2.12E-02*
Adjusted for Educational attainment MVMR_IVW 101 Fo- - 0.81(0.69 t0 0.94) 5.58E-03*
MVMR_Lasso 89 F--m--- 0.81(0.71100.92) 1.52E-03*
T T T 1
0.25 0.5 0.75 1 1.25
0Odds Ratio

FIGURE 5 | Results of the multivariable MR analyses. BMI, body mass index; DBP, diastolic blood pressure; HbAlc, glycated hemoglobin Alc;
HDL, high-density lipoprotein; IVW, inverse-variance weighted; Lasso, least absolute shrinkage and selection operator; LDL, low-density lipopro-

tein; nSNP, the number of SNPs; SBP, systolic blood pressure; TG, triglycerides; UVMR, Univariate Mendelian Randomization. *p-value <0.05.

plots (Figure S8) and demonstrated no markedly influential sin-
gle SNP in leave-one-out analyses (Figure S9), with full results
detailed in Table S11.

3.3 | Multivariable MR Analyses

MVMR analysis examined the significant causal relationship
found in both the primary MR analysis and the replication
cohort, specifically regarding “drinking alcohol with meals
among current drinkers (yes vs. no)”. After adjustment for 15
confounding factors—covering genetically predicted dysgly-
cemia, adiposity, blood pressure, dyslipidemia phenotypes,
lifestyle habits, and environmental factors—results consis-
tently indicated a decreased risk of SC for those consuming
alcohol with meals. The three MVMR methods (Robust,
Median, LASSO) produced causal estimates aligning with the
multivariate IVW analysis, supporting the robustness of the
findings. Results are shown in Figure 5 and Table S12. The
MVMR-Egger intercept test indicated no evidence of level
pleiotropy (Table S13).

3.4 | Two-Step MR Analyses

MVMR analysis confirmed that the protective effect of “drink-
ing alcohol with meals among current drinkers (yes vs no)”
against SC is independent of potential confounders. To explore

the underlying mechanisms, a two-step MR analysis was con-
ducted to assess whether inflammatory markers mediate this
association.

In the first step, 1411 SNPs were selected, with F-statistic ranges
from 20.68 to 57.42 (Table S14). The results showed that “drinks
usually with meals in current drinkers (yes vs no)” was nega-
tively causally associated with IL-6 (8=-0.19; p=1.98x1072),
CRP (B=-021; p=4.38x1025), and FGF23 (B=-0.13;
p=3.77x1072) (Table S15). Additionally, no pleiotropy was ob-
served, and heterogeneity was found in I'Vs for CRP (Table S16).
In the second step, a total of 513 SNPs were selected, with F-
statistic ranges between 20.25 and 2377.07 (Table S17). The find-
ings indicated that IL-6 (=0.10; p=1.34x10-3), CRP (=0.05;
p=3.83x10"2), MCP-1 (8=0.05; p=3.43x1072), and bFGF
(B=0.09; p=1.63x1072) exhibited a causal positive correlation
with the risk of SC (Table S18). Heterogeneity was noted in IVs
for CRP, with no evidence of pleiotropy identified at this step
(Table S19).

Considering all factors, IL-6 (8=-0.02; p=2.48x1072?) and
CRP (f=-0.01; p=3.60x 10~2) were recognized as significant
mediators of the causal relationship between “drinks usually
with meals in current drinkers (yes vs no)” and SC, account-
ing for 11.77% and 6.31%, respectively (Figure 6). The remain-
ing ten inflammatory markers did not demonstrate significant
mediation effects, and their complete data can be accessed in
Table S20.
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Mediation effect B= —0.02; P = 2.48x10~2
Proportion mediated= 11.77%; 95%CI: 1.22%, 26.09%

B=-0.19
P =198 x 10°

Drinks usually with
meals in current

B=0.10
P=134x10°

Total effect B= —0.16; P = 8.26 x 10+

drinkers (yes vs no) )

Dy

~  B=-021
P=438 x 10%

> Senile cataract

B=-0.01
P =3.60 x 102

Mediation effect B= —0.01; P = 3.60x102
Proportion mediated= 6.31%; 95%CI: 0.31%, 12.50%

FIGURE 6 | Summary plot of the causal associations among drinks usually with meals in current drinkers (yes vs. no), IL-6, CRP, and Senile

cataract. CRP, C-reactive protein; IL-6 interleukin-6.

3.5 | Validation of Key Findings in Cataracts
and Surgical Endpoints

To confirm key findings' validity, additional analyses utilized
independent GWAS cohorts for the overall cataract phenotype
and cataract surgical endpoint. A total of 219 SNPs were in-
cluded, with F-statistics ranging from 20.68 to 57.42 (Table S21).
The MR analysis results indicated that the genetic prediction
of “drinks usually with meals in current drinkers (yes vs. no)”
exerted a protective causal effect on cataracts (OR=0.83; 95%
CI=0.76-0.91; p=5.26x107°). An independent validation
of cataract operation indicated a protective effect (OR=0.99;
95% CI=0.98-0.99; p=2.34%x107%). The sensitivity analyses
yielded robust results, supported by symmetrical funnel plots
and leave-one-out analyses indicating no markedly influential
SNP (Figures S10 and S11), with all complete data in Table S22.
Reverse MR analysis did not identify bidirectional causality
(Tables S24 and S25). The MR-Egger intercept test failed to de-
tect pleiotropy. The Cochran's Q test and pleiotropy test results
are presented in Tables S23 and S26.

4 | Discussion

This study is the first to employ MR to systematically explore
the causal relationship between 83 dietary habits and SC. A
key finding was that, among drinkers, consuming alcohol with
meals is associated with a reduced risk of SC compared to drink-
ing without meals. This is noteworthy since previous research
has primarily focused on alcohol quantity or drinking status
rather than drinking patterns. The results underscore the sig-
nificance of modifiable dietary behaviors, particularly drinking
patterns, in determining cataract risk.

Initially, we used bidirectional MR to assess the impact of
dietary habits on SC. Of 83 dietary traits examined, four re-
mained significantly associated with SC after FDR correction,

including “drinks usually with meals in current drinkers
(yes vs no)”, “alcohol usually taken with meals (yes and it
varies vs no)”, “bread type: white vs wholemeal/wholegrain
and brown”, and “spread type: butter vs never use spread”.
Notably, “drinks usually with meals in current drinkers (yes
vs. no)” was consistently linked to reduced SC risk in replica-
tion analysis, establishing it as the most influential modifi-
able dietary factor. We then performed MVMR adjusting for
15 confounders, which confirmed that drinking alcohol with
meals independently lowers SC risk, beyond conventional risk
factors. Moreover, mediation MR further revealed that IL-6
and CRP mediated 11.77% and 6.31% of this effect, respec-
tively. To confirm the validity of the core findings, additional
analyses using independent GWAS cohorts for the overall cat-
aract phenotype and cataract surgical endpoint consistently
showed that consuming drinks with meals significantly re-
duces the risk of cataract and cataract surgery among current
drinkers, compared to drinking without meals.

Our study provides genetic evidence for a potential causal as-
sociation between the habit of drinking with meals and a re-
duced risk of SC. Interestingly, recent evidence indicates that
consuming alcohol with meals, as opposed to outside of meals,
correlates with reduced risks of all-cause mortality, cardiovas-
cular disease mortality, cirrhosis, type 2 diabetes, hypertension,
and cancer mortality (Hernandez-Hernandez et al. 2023; Ma
etal. 2021, 2022; Simpson et al. 2019). These findings underscore
the impact of alcohol consumption timing relative to meals,
with inflammation serving as a key pathological mechanism.
Notably, SC is recognized as a systemic condition associated
with chronic low-grade inflammation, which promotes oxida-
tive stress, alters lens proteins, and ultimately leads to opacity
(Huang et al. 2024). We further explored the potential mecha-
nisms using a two-step MR mediation analysis. The results indi-
cate that the protective effect of consuming alcohol with meals
on SC risk is partly mediated by reduced levels of systemic in-
flammatory markers, specifically CRP and IL-6. As is known to

8of 12

Food Science & Nutrition, 2025

85U8017 SUOWWIOD BAFe81D) 8|ed|dde 8U Aq pauRA0H 818 S3o1e YO ‘88N JO S3|NJ Joj AXJq 1T 8UIIUO AB]I/\ UO (SUOPUOD-PUe-SWB}/W0D" A8 1M Al [Bul U0/ StRY) SUOIPUOD PUe Swie | 8U3 88S *[9202/T0/TT] uo A%eiqi8ulluo AB|IM ‘99ETL EUSHZ00T OT/I0p/LL0d A8 M AIq1jeuluo//Sdiy Wouy papeo|umod ‘2T ‘S0z ‘LLTL870C



all, CRP is a key inflammatory marker, and elevated levels are
indicative of chronic low-grade inflammation. Studies based on
the large UK Biobank cohort indicate that a higher proportion of
alcohol consumption during meals correlates with reduced cir-
culating CRP concentrations in individuals. Conversely, in non-
meal drinkers, increased alcohol consumption correlates with
elevated CRP concentrations (Ma et al. 2022). Similarly, follow-
ing the findings of Estruch et al., alcohol consumption during
meals significantly reduces serum high-sensitivity CRP levels,
thereby mitigating systemic inflammatory responses (Estruch
et al. 2004). Randomized double-blind studies have confirmed
that elevated plasma CRP levels significantly increase the risk
of SC, possibly by exacerbating cataract development through
synergy with local ocular inflammatory factors (Schaumberg
et al. 1999). Moreover, Tsai et al. identified CRP as a risk fac-
tor for early-onset cataracts, supporting its use in risk predic-
tion monitoring (Tsai et al. 2022). Furthermore, the Dietary
Inflammatory Index (DII) quantifies the inflammatory poten-
tial of diet based on six circulating markers (CRP, IL-6, IL-4,
IL-10, IL-1, TNF-a). Higher DII scores, indicating a more pro-
inflammatory diet, are significantly associated with increased
prevalence of SC (Shivappa et al. 2017; Vergroesen et al. 2023),
underscoring the central role of inflammation in SC pathogen-
esis. These findings collectively support our conclusion that,
among alcohol consumers, the protective effect of meal-time
drinking against SC is mediated at least partially through re-
duced CRP levels.

IL-6 is a cytokine that regulates inflammation and immune
responses via classical and trans-signaling pathways (Schmidt-
Arrasand Rose-John 2016). Studies show that consuming alcohol
with meals significantly reduces serum IL-6 and other pro-
inflammatory factors (Torres et al. 2015). The Mediterranean
diet is widely regarded as a healthy dietary pattern associated
with benefits for aging and longevity (Andreo-Lopez et al. 2023).
A key element of this diet is the Mediterranean alcohol-drinking
pattern (MADP), characterized by alcohol intake with meals.
Studies indicate that MADP exerts anti-inflammatory effects
and can lower circulating inflammatory factors, including IL-6
(Mena et al. 2009; Santos-Buelga et al. 2021). Furthermore,
Barbara et al. found that plasma IL-6 levels are significantly
associated with the risk of SC (Klein et al. 2006). Additionally,
research involving animal models has indicated that increased
IL-6 levels in the aqueous humor are linked to lens opacifica-
tion (Meacock et al. 2000). From this perspective, in alcohol-
consuming populations, consuming alcohol with meals may
reduce the risk of SC compared to drinking without meals.
The rationale is based on the understanding that inflammation
promotes SC progression and that alcohol consumption during
meals decreases systemic inflammation. The mechanisms
through which CRP and IL-6 mediate the causal relationship
between this drinking pattern and SC remain ambiguous.

Beyond mediation by CRP and IL-6, our findings are reinforced
by the evidence that consuming alcohol with meals lowers blood
alcohol concentration (BAC). Prolonged elevated BAC promotes
formation of reactive oxygen and nitrogen species, leading to ox-
idative stress—a key factor in cataract development (Barberia-
Latasa et al. 2022). When BAC exceeds 0.8%0-1%0 (lower in
females), hepatic alcohol dehydrogenase becomes saturated,
and metabolism shifts to the microsomal ethanol-oxidizing

system, which generates oxidative free radicals that promote
lens protein aggregation and cataract formation (Lieber 2004;
Wang et al. 2008). Research indicates that drinking with meals
not only slows gastrointestinal ethanol absorption and lowers
peak BAC but also enhances ethanol metabolism and elimina-
tion (Jones 2000; Ramchandani et al. 2001). Foods containing
various components exhibit comparable effects on the acceler-
ation of alcohol elimination, suggesting that the influence of
food is not derived from interactions with particular food com-
ponents (Ramchandani et al. 2001). Additionally, fasting alcohol
intake increases hyperhomocysteinemia risk fivefold (Rouillier
et al. 2006), which may exacerbate cataracts via mTOR activa-
tion, impaired autophagy, and reduced connexin expression
(Liu et al. 2024). Thus, we propose that meal-time drinking may
delay SC by reducing ethanol-induced oxidative stress, acceler-
ating alcohol elimination, and lowering homocysteine levels.

An interesting observation is that habitual consumption of al-
cohol with meals is associated with a significant reduction in
the overall incidence risk of cataracts and a decrease in the risk
of stage-specific lesions necessitating surgical intervention.
Nonetheless, the change in odds ratio indicates that its protective
effect against the risk of cataract surgery has been somewhat di-
minished. This demonstrates that, in alcohol-consuming popu-
lations, meal-accompanied alcohol consumption may primarily
inhibit the progression of lens damage in the early stages of cat-
aracts. In contrast, its protective effect against advanced struc-
tural lesions is restricted compared to non-meal-accompanied
alcohol consumption. This underscores the significance of early
lifestyle intervention in preventing cataract progression.

This study has several significant strengths. Initially, we utilized
summary statistics from various extensive GWAS to identify in-
strumental SNPs. Significantly, this study effectively utilized
MR to mimic the effects of a well-structured RCT, which is
considered the gold standard in causal inference. Second, by in-
tegrating bidirectional MR, MVMR, and mediational MR, we
attained a more precise evaluation of the causal relationship
between the target exposure and outcome. The MR method ef-
fectively addresses the confounding effect of reverse causality, a
challenge often difficult to resolve in observational studies.

This study, while possessing notable strengths, also has several
limitations. First, the study samples were limited to individu-
als of European ancestry, potentially hindering the direct gen-
eralization of the findings to other ethnic groups. Significant
differences in genetic susceptibility to alcohol metabolism exist
between Asian and Western populations, particularly concern-
ing the capacity for alcohol metabolism and the types of alcohol
consumed with meals (Im et al. 2023). Second, dietary exposure
data were collected using food frequency questionnaires (FFQs),
a self-report tool susceptible to recall bias and social desirabil-
ity bias. This inherent measurement error may lead to mises-
timation of the effect estimates. Third, due to the insufficient
summary data with adequate statistical power for other cataract
subtypes in existing public GWAS databases, the relationship
between dietary habits and cataract subtypes was not evaluated.
This study concentrated on SC and their extended phenotypes
to enhance the scientific value and interpretability of results.
Fourth, despite the enforcement of stringent measures, the
complete eradication of heterogeneity's potential impact on this
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study remains unattainable. Additionally, the causal association
between drinks usually with meals in current drinkers and SC
cannot disentangle the distinct contributions of alcohol bever-
age type and consumption level. Consequently, future research
using more granular data and stratified analyses is needed to
investigate these specific factors. Finally, although this study
found that habitual meal-time alcohol consumption may pre-
vent SC onset by reducing inflammatory markers (e.g., IL-6,
CRP) in current drinkers, its precise mechanisms remain un-
clear and require further research.

5 | Conclusion

In summary, this study provides strong genetic evidence that
consuming alcohol with meals exerts a protective causal effect
against SC among current drinkers. This protective relationship
is partially mediated by the inflammatory biomarkers CRP and
IL-6. Critically, these findings do not encourage alcohol con-
sumption for prevention. Instead, they highlight the importance
of considering the timing of alcohol consumption—not just the
amount and type—in developing alcohol-related nutritional
strategies toward SC prevention in aging populations who are
current drinkers. Future research should focus on more pre-
cisely defining drinking patterns and elucidating their specific
roles in SC pathogenesis.
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