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Abstract

Background Diet, specifically meat consumption, has been implicated as a modifiable risk factor in the development
of metabolic-associated fatty liver disease (MAFLD). This study aimed to investigate the associations between various
types of meat intake and the risk of severe MAFLD and to examine whether genetic risk influences these associations.

Methods This research utilized data from the UK Biobank, which initially enrolled over 500,000 participants between
2006 and 2010, of whom 487,875 were eligible for our analyses. Meat intake, including unprocessed red meat,
processed meat, poultry, and fish, was evaluated through a validated touchscreen questionnaire. Cox proportional
hazards models were used to analyze the relationship between meat consumption and severe MAFLD risk, adjusting
for potential confounders. Genetic risk scores (GRS) were calculated using five MAFLD-associated SNPs, allowing for
analyses of gene-diet interactions.

Results During a follow-up period totaling 6,036,554 person-years (mean duration: 12.1 years), 5,731 new cases of
severe MAFLD were identified. High intakes of total meat, processed meat, unprocessed red meat and poultry were
associated with increased MAFLD risk, with adjusted hazard ratios (HR) of 1.76 (95% Cl: 1.33-2.33), 1.19 (1.02-1.40),
1.34 (1.17-1.53),and 1.21 (0.98-1.49), respectively, for the highest versus lowest intake categories. In contrast, oily
fish intake showed a protective association (HR: 0.72; 95% Cl: 0.53-0.97). No significant interaction was observed
between meat intake and GRS for any meat subtype, suggesting that the associations were independent of genetic
predisposition.

Conclusions High consumption of red and processed meat was associated with an increased risk of severe MAFLD,
while oily fish intake showed an inverse association with the risk of MAFLD. These effects were consistent across
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genetic risk levels for MAFLD. Our findings reinforce dietary recommendations to limit red and processed meat and
encourage oily fish intake for MAFLD prevention, irrespective of individual genetic risk.

Keywords Non-alcoholic fatty liver disease, Meat consumption, Genetic risk, Cohort study, Genetic risk score

Introduction

Metabolic-associated fatty liver disease (MAFLD) has
emerged as the most prevalent chronic liver disease glob-
ally, affecting an estimated 25% of the adult population
[1]. MAFLD can advance to cirrhosis and hepatocellular
carcinoma, representing a leading cause of liver-related
mortality worldwide. Due to the increasing prevalence of
metabolic risk factors and the aging population globally,
the burden of advanced stages of MAFLD and its asso-
ciated economic impact are anticipated to increase sub-
stantially [2—4].

The pathogenesis of MAFLD is understood to be influ-
enced by the interplay between genetic predispositions
and lifestyle factors [5]. Dietary composition plays a cru-
cial role, with excessive intake of refined carbohydrates,
saturated fats, and ultra-processed foods promoting
hepatic fat accumulation and inflammation [6]. In the
absence of established pharmacological treatments for
MAEFLD, it is essential to identify modifiable risk fac-
tors that may aid in prevention and potentially slow dis-
ease progression [7]. Dietary habits, particularly meat
consumption (including total meat, processed meat,
unprocessed red meat, poultry, and fish), have been iden-
tified as modifiable risk factors associated with MAFLD
development [8—10]. High consumption of red and pro-
cessed meats has been linked to insulin resistance and an
increased risk of MAFLD [11, 12]. However, some stud-
ies indicate that, after adjusting for multiple confound-
ers, neither unprocessed nor processed red meat shows
a direct association with MAFLD risk [13-15]. Similarly,
other studies have found no detrimental association
between processed meat and MAFLD risk [16, 17]. With
regard to fish consumption, its relationship with MAFLD
risk at the population level remains inconclusive; while
some prospective studies suggest a protective role [16,
18], others report no significant association [19-21]. Evi-
dence on poultry consumption and MAFLD risk is also
limited and yields inconsistent results [15, 22]. Nota-
bly, most available evidence is based on cross-sectional
studies with small sample sizes, highlighting the need
for further large-scale, prospective research to elucidate
the long-term effects of meat consumption on MAFLD
development.

In recent years, large-scale genome-wide association
studies (GWAS) have identified genetic loci associated
with MAFLD risk, including variants in genes such as
PNPLA3, TM6SF2, and GCKR [23]. Using these genetic
variants, researchers can construct a polygenic risk
score to quantify genetic susceptibility, which facilitates

the study of gene-diet interactions [24]. Dietary factors,
including meat consumption, are hypothesized to inter-
act with genetic predispositions to influence MAFLD
development [25]. However, evidence on these interac-
tions remains limited. Investigating how different types
of meat consumption interact with genetic risk to impact
MAFLD incidence may provide insights that inform pre-
cision nutrition approaches.

The study had two primary objectives: first, to examine
the association between various types of meat consump-
tion and the incidence of severe MAFLD, and second,
to evaluate the interactions between meat intake and
genetic risk in the development of MAFLD.

Methods

Population

The UK Biobank is a large-scale prospective cohort study
that recruited over 500,000 participants aged 37 to 73
years at baseline from diverse regions across the United
Kingdom. From 2006 to 2010, participants attended one
of 22 assessment centers, where they underwent compre-
hensive physical measurements, provided biological sam-
ples, and completed detailed touchscreen questionnaires.
Ethical approval for the UK Biobank study was granted
by the North West Multi-centre Research Ethics Com-
mittee [26].

For this analysis, the UK Biobank dataset included
502,406 participants. We excluded individuals who sub-
sequently withdrew, those diagnosed with MAFLD or
other liver diseases prior to study entry, participants
with a history of substance abuse or alcoholism at base-
line, and those lacking data on meat intake. A total of
484,875 participants remained eligible for the analysis
of associations between meat consumption and MAFLD
incidence. For the gene-diet interaction analysis, we fur-
ther restricted the sample to individuals of white British
descent with available genetic data, yielding a final sam-
ple of 364,619 participants for this analysis (Fig. 1).

Meat intake and covariates

The intake of various types of meat, including unpro-
cessed red meat, processed meat, oily fish, non-oily fish,
beef, lamb, pork, and poultry, was assessed through a
touchscreen-based short food frequency questionnaire
(FFQ) covering the past 12 months. Meat intake frequen-
cies were categorized as never, <1 time/week, 1 time/
week, 2—-4 times/week, 5-6 times/week, or =7 times/
week. Total meat consumption was calculated by sum-
ming the intake frequencies of unprocessed red meat
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Participants in UK biobank cohort (n=502,406)

14,531 participants were excluded

1) Participants with NAFLD, other liver diseases, and
drug/alcohol abuse at baseline (n=7454);

2) Participants withdrew during the follow-up (n=1);
3) Participants without meat intake data (n=7076)

v

487,875 participants included in diet analysis

Participants without genetic data and not white
(n=123,256)

A4

364,619 participants included in gene-diet analysis

Fig. 1 Flow of participants in current UK biobank study

(beef, lamb, and pork), unprocessed poultry, processed
meat (bacon, ham, sausages, meat pies, kebabs, burgers,
and chicken nuggets), oily fish, and non-oily fish. The
short FFQ has been validated against 24-hour dietary
recalls. Diet quality was assessed using the Alternate
Mediterranean Diet (AMED) score, which ranged from 0
to 9, with higher scores indicating better diet quality, as
previously described [27]. Healthy diet score includes 10
foods predictive of cardiometabolic disease risk, empha-
sizing higher intake of vegetables, fruits, fish, dairy, whole
grains, and vegetable oils and lower intake of refined
grains, processed meats, unprocessed red meats, and
sugar-sweetened beverages [28]. Each dietary component
was scored from 0 (unhealthiest) to 10 (healthiest) points,
with intermediate values scored proportionally. The total
diet quality score was the sum of all the diet component
scores and ranged from O to 100, with a higher score rep-
resenting a higher overall diet quality. The UK Biobank
also utilized the Oxford WebQ, a web-based 24-hour
recall questionnaire administered on five occasions, to
collect dietary data between 2009 and 2012. The average
dietary intake was calculated using all available assess-
ments to represent long-term dietary intake.

Potential confounding factors were collected via
touchscreen questionnaire, including age, sex, ethnicity,

weight, height, income, education level, smoking and
drinking habits, physical activity, Townsend deprivation
index [29], and medical history. The metabolic equivalent
of task (MET) was calculated using the short form of the
International Physical Activity Questionnaire [30].

Genetic risk score for MAFLD

Genotyping considerations, quality control, and genetic
imputation details have been described previously
[26]. We selected five single nucleotide polymorphisms
(SNPs)—rs738409, rs58542926, rs641738, rs1260326, and
rs72613567 (Table S1)—associated with MAFLD risk,
based on prior MAFLD cohort analyses. The genetic risk
score (GRS) was calculated using these SNPs, with corre-
sponding P coefficients applied in the following formula:
GRS = (f1 x SNP; + By x SNP, +.+; x SNP,) x (i / sum of
the p coefficients) [31], where [ represents the coefficient
for each SNP, and i indicates the number of risk alleles for
each SNP. A higher GRS reflects greater genetic suscepti-
bility to MAFLD.

Definition of severe MAFLD

In this study, severe MAFLD was defined as hospitaliza-
tion or death due to MAFLD or non-alcoholic steato-
hepatitis (NASH), based on linked hospitalization and
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mortality databases. Hospitalization data, including dates
and diagnoses, were obtained from hospital episode sta-
tistics, covering participants in England and Wales until
September 30, 2021, and in Scotland until September
24, 2021. Severe MAFLD was identified using the Inter-
national Classification of Diseases, 10th Revision (ICD-
10) codes K76.0 (fatty liver, not elsewhere classified) and
K75.8 (NASH, other specified inflammatory liver dis-
eases) [32]. The follow-up period was calculated from the
date of recruitment to the earliest of the following events:
first diagnosis of severe MAFLD, death, loss to follow-up,
or the end of the study on November 12, 2021.

Statistical analysis

Continuous variables are presented as mean + standard
deviation, and categorical variables are presented as per-
centages. To examine the association between meat con-
sumption (assessed by short FFQ) and the risk of severe
MAFLD, we used Cox proportional hazards models,
categorizing meat intake into groups: never, 0—3 times/
week, 3-5 times/week, 5-7 times/week, or >7 times/
week (C1 to C5), with the lowest category as the ref-
erence group. The proportional hazards assumption
was validated using Schoenfeld residuals, and results
were expressed as hazard ratios (HR) with 95% confi-
dence intervals (CI). Sequential models were adjusted
for confounders identified in previous studies: Model 1
included adjustments for age (continuous) and sex (men
or women); Model 2 further adjusted for ethnicity (white,
Asian, black, mixed, or other ethnic group), assessment
center location, BMI (in kg/m?% <18.5, 18.5 to 25, 25 to
30, 230, or missing), education level (college or univer-
sity degree, vocational qualifications, optional national
exams at ages 17-18 years, national exams at age 16
years, others, or missing), household income (<£18,000,
£18,000-£30,999, £31,000-£51,999, £52,000-£100,000,
>£100,000, or missing), smoking status (never, former,
current, or missing), alcohol consumption (never or spe-
cial occasions only, 1 to 3 times/month, 1 or 2 times/
week, 3 or 4 times/week, or daily/almost daily), physical
activity (quartiles), and the Townsend deprivation index
(quartiles); Model 3 additionally controlled for intake of
other meat types (unprocessed red meat, processed meat,
unprocessed poultry, oily fish, and non-oily fish; categori-
cal), vegetables (0 to 1 times/day, 1 to 3 times/day, more
than 3 times/day), fruits (0 to 2 times/day, 2 to 4 times/
day, more than 4 times/day), and total energy intake
(quartiles); Model 4 included adjustments in Model 2 as
well as additional controls for other meat types (5 cate-
gories), total energy intake (quartiles), and AMED score
(total score minus the component for meat; quartiles).
Missing data were managed by creating a missing indi-
cator category where applicable. Additionally, to enhance
the accuracy of dietary assessment and complement
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the analysis based on frequency, we incorporated food
weight, which provides a more precise quantification of
intake and reduces potential misclassification. Using vari-
ables from 24-hour dietary recalls reflecting mean intake
in grams per day (g/d), we further examined the associa-
tion between meat consumption and the risk of MAFLD
based on food weight (n=207,465).

To assess the interaction between meat intake and
MAFLD GRS, we included a multiplicative interaction
term in the Cox models. Further categorical analyses
were conducted to determine whether HRs for a 1-stan-
dard deviation increase in meat consumption varied
across tertiles of GRS. Subgroup analyses stratified by
baseline characteristics were performed to evaluate the
impact of covariate variations on associations. Sensitiv-
ity analyses included additional adjustments for lipid-
lowering medication use and replacement of the AMED
score with a healthy diet score, and exclusion of incident
MAFLD cases diagnosed within the first five years of fol-
low-up to minimize reverse causality.

All analyses were conducted using SAS 9.4 (SAS Insti-
tute, Cary, NC, USA), and a p-value of less than 0.05 was
considered statistically significant.

Results

Baseline characteristics of study participants

In this study, total meat intake was classified into five
categories based on weekly consumption frequency: 0
times/week, 0.1-3 times/week, 3.1-4.9 times/week, 5.0-
6.9 times/week, and >7 times/week. Baseline charac-
teristics were examined across these groups, revealing
variations in demographic, socioeconomic, and health-
related factors (Table 1). Participants with higher total
meat intake were more likely to be male, older, and have
a higher BMI. This group was predominantly White, had
higher household incomes, was more likely to be former
smokers, and reported more frequent alcohol consump-
tion. Additionally, individuals with higher meat intake
tended to have lower levels of education and reported
greater consumption of unprocessed red meat, processed
meat, and poultry.

Relationship between meat consumption and severe
MAFLD risk

Over a follow-up period totaling 6,036,554 person-years,
with an average duration of 12.1 years per participant,
5,731 new cases of severe MAFLD were identified. The
analysis demonstrated a consistent and significant associ-
ation between frequent consumption of total meat, pro-
cessed meat, and unprocessed red meat and an increased
risk of severe MAFLD. This association was observed in
both age- and sex-adjusted models (Model 1) and in mul-
tivariable-adjusted models (Model 2, which controlled
for demographic and lifestyle factors; Model 3, which
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Table 1 Baseline characteristics of participants by categories of total meat intake in the UK biobank cohort

Characteristics Total meat intake (times/week)

0 times/week

0.1-3 times/week

3.1-4.9 times/week  5.0-6.9 times/week  >7 times/week

N 9032 16,027
Age (year) 53.24+7.95° 5467 +8.06
Male (%) 3326 29.74
Ethnicity (%)

White 79.71 89.08
Non-white 19.62 1041

BMI (kg/mz) 25.69+4.66 2599+4.78
Townsend deprivation index -0.68+3.09 -0.58+3.24
Physical activity (MET-h/wk) 4568+43.84 4422 +44.11
Household income (£) (%)°

< 18,000 1846 2384
18,000 to 30,999 19.84 20.76
31,000 to 51,999 23.85 2143
52,000 to 100,000 19.03 15.52

> 100,000 3.94 343
Education

College or University degree 4921 4144
Others 48.68 56.78
Smoking (%)

Never 63.82 57.14
Previous 29.00 31.75
Current 6.73 10.69
Alcohol drinking (%)

Never or special occasions only 38.26 3346

1 to 3 times/month 11.66 13.51

1 or 2 times/week 19.35 22.81

3 or 4 times/week 17.09 16.58

Daily or almost daily 13.46 13.52
Energy intake 201446+636.13  1941.56+605.94
Unprocessed red meat (times/week)  0.00+0.00 0.38+0.52
Processed meat (times/week) 0.00+0.00 0.25+0.35
Unprocessed poultry (times/week) 0.00+0.00 0.39+040
Qily fish (times/week) 0.00+0.00 0.50+041
Non-oily fish (times/week) 0.00+0.00 0.60+0.38

47,662 112,973 302,181
56.41+8.02 56.69+8.01 56.70+8.10
3647 40.07 49.65

94.23 95.30 95.00

545 4.39 4.67
26.65+4.62 27.13+4.67 27.76+4.81
-1.13+£3.09 -141£3.01 -143+3.05
43.38+43.82 4331+43.99 4543 +47.81
21.51 1932 18.22
2214 21.86 21.65

2143 22.22 22.55

16.11 17.14 17.89

3.81 440 4.99

34.76 32.02 31.39

63.55 66.30 66.85

55.84 55.80 5411

3346 34,05 35.24

10.32 9.80 10.32

2358 20.28 16.90

13.16 12.09 1041

26.17 26.87 25.89

20.16 21.97 24.73

16.86 18.73 2201
1965.79+565.92 2005.59+577.05 2111.53+612.64
1.26+0.60 1.69+0.77 2.56%1.55
0.58+0.40 0.92+0.78 1.94+1.50
0.81+051 146+0.99 241£1.18
0.71£0.62 0.84+0.72 1.35£1.16
0.76+0.52 0.89+0.60 1.38+1.04

BMI body mass index, MET metabolic equivalent of task
?Data are either percentage or mean (SD) unless indicated otherwise
®£1.00=$1.30, €1.20

additionally adjusted for intake of other food types),
as shown in Table 2. In the final model, which further
adjusted for total dietary energy intake and the AMED
score (Model 4), the association remained unchanged.
Specifically, participants in the highest category of total
meat intake exhibited a 76% higher risk of MAFLD com-
pared to those in the lowest category (HR: 1.76; 95% CI:
1.33-2.33; P for trend < 0.001). Processed meat consump-
tion was associated with a 19% increased risk (HR: 1.19;
95% CI: 1.02—1.40; P for trend =0.003), and unprocessed
red meat intake was associated with a 34% increased
risk (HR: 1.34; 95% CI: 1.17-1.53; P for trend <0.001)
when comparing the highest and lowest consump-
tion categories. Unprocessed poultry consumption

was also associated with a higher MAFLD risk (HR for
highest vs. lowest category: 1.21; 95% CI: 0.98-1.49; P
for trend<0.001). In contrast, oily fish intake showed
an inverse association with severe MAFLD risk (P for
trend =0.033), with a multivariable-adjusted (Model 4)
HR of 0.72 (95% CI: 0.53-0.97) for the highest versus
lowest intake category. No association was observed for
non-oily fish consumption. Additionally, we also assessed
the association between meat intake and MAFLD risk
based on food intake in “g/d” rather than frequency and
showed essentially similar results (Table S2). Total meat
and processed meat consumption were positively associ-
ated with MAFLD risk, whereas the inverse association
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Meat types Meat intake (times/week) P trend
C1 C2 c3 c4 c5

Total meat

Frequency 0 times/week 0.1-3 times/week 3.1-4.9 times/week 5.0-6.9 times/week >7 times/week

Case/person-years 50/111,230 165/197,337 514/585,898 1192/1,389,565 3731/3,706,788

Model 12 1 (ref) 1.82 (1.33-2.50) 1.87 (1.40-2.50) 1.82 (1.37-241) 2.13(1.61-2.82) <0.001

Model 2° 1 (ref) 1.65 (1.20-2.27) 1.70(1.27-2.28) 1.62 (1.22-2.15) 1.80(1.36-2.39) <0.001

Model 3¢ 1 (ref) 1.62 (1.18-2.22) 1.67 (1.25-2.24) 1.60 (1.20-2.13) 1.79 (1.35-2.37) <0.001

Model 4¢ 1 (ref) 63 (1.18-2.23) 1.67 (1.25-2.23) 1.58 (1.19-2.11) 1.76 (1.33-2.33) <0.001

Unprocessed red meat

Frequency 0 times/week 0.1-0.9 times/week 1 times/week 2.0-4.9 times/week > 5 times/week

Case/person-years 410/568,181 1582/1,854,381 1682/1,766,145 1773/1,616,499 284/231,348

Model 1¢ 1 (ref) 1.52(1.32-1.76) 1.38(1.21-1.58) 145 (1.27-1.65) 1.70 (1.49-1.94) <0.001

Model 2° 1 (ref) 1.23(1.07-142) 1.24 (1.09-1.42) 1.29(1.13-147) 1.40 (1.22-1.60) <0.001

Model 3¢ 1 (ref) 9(1.03-1.38) 1.21(1.06-1.39) 1.25(1.09-1.43) 1.35(1.18-1.55) <0.001

Model 49 1 (ref) 9(1.03-1.37) 1.20 (1.05-1.38) 1.24(1.08-1.42) 1.34(1.17-1.53) <0.001

Processed meat

Frequency 0 times/week 0.1-1.0 times/week 1.1-1.9 times/week 2.0-2.9 times/week >3 times/week

Case/person-years 265/413,994 710/723,175 1673/1,873,376 1592/1,688,420 1491/1,337,591

Model 1° 1 (ref) 1.16 (1.04-1.29) 1.31 (1.17-1.46) 1.53(1.37-1.71) 1.74 (1.49-2.03) <0.001

Model 2° (ref) 1.08 (0.97-1.21) 1.13(1.02-1.27) 1.19(1.06-1.33) 1.26 (1.08-1.48) <0.001

Model 3¢ 1 (ref) 1.05 (0.94-1.18) 1.09 (0.97-1.22) 1.13(1.01-1.27) 1.18(1.01-1.39) 0.005

Model 44 1 (ref) 1.05(0.94-1.17) 1.09 (0.97-1.22) 1.13(1.01-1.27) 1.19 (1.02-1.40) 0.003

Unprocessed poultry

Frequency 0 times/week 0.1-0.9 times/week 1 times/week 2.0-4.9 times/week > 5 times/week

Case/person-years 206/309,876 570/642,438 1976/2,163,341 2811/2,784,143 168/136,757

Model 12 1 (ref) 1.27 (1.08-1.49) 1.31(1.13-1.51) 148 (1.28-1.70) 1.88 (1.53-2.30) <0.001

Model 2° (ref) 2(0.95-1.31) 1.19(1.03-1.38) 1.27 (1.10-1.46) 1.27 (1.03-1.56) <0.001

Model 3¢ 1 (ref) 1.09 (0.93-1.28) 1.16 (1.00-1.35) 1.24 (1.07-1.44) 1.22 (0.99-1.50) <0.001

Model 4 1 (ref) 1.09 (0.93-1.28) 1.15(1.00-1.34) 1.22 (1.06-1.42) 1.21 (0.98-1.49) <0.001

QOily fish

Frequency 0 times/week 0.1-0.9 times/week 1 times/week 2.0-4.9 times/week > 5 times/week

Case/person-years 778/651,024 1908/1,988,244 1966/2,271,614 955/1,023,816 45/56,120

Model 14 1 (ref) 0.79 (0.72-0.86) 0.69 (0.64-0.75) 0.74 (0.67-0.81) 0.64 (047-0.87) <0.001

Model 2° (ref) 0.95 (0.87-1.03) 0.91 (0.83-0.99) 0.94 (0.85-1.03) 0.72 (0.54-0.98) 0.044

Model 3¢ 1 (ref) 0.95 (0.87-1.03) 0.91 (0.84-0.99) 0.94 (0.85-1.04) 0.72 (0.53-0.98) 0.071

Model 49 1 (ref) 0.94 (0.86-1.02) 0.90 (0.82-0.98) 0.93 (0.84-1.03) 0.72 (0.53-0.97) 0.033

Non-oily fish

Frequency 0 times/week 0.1-0.9 times/week 1 times/week 2.0-4.9 times/week >5 times/week

Case/person-years 289/278,193 1657/1,738,454 2751/2,989,910 921/946,735 34/37,525

Model 1° 1 (ref) 0.89 (0.79-1.01) 0.85 (0.75-0.96) 0.90 (0.79-1.03) 0.86 (0.60-1.23) 0177

Model 2° 1 (ref) 0.96 (0.85-1.09) 098 (0.87-1.11) 1.00 (0.87-1.14) 0.83(0.59-1.19) 0.730

Model 3¢ 1 (ref) 0.94 (0.83-1.07) 0.96 (0.85-1.09) 0.97 (0.85-1.11) 0.80 (0.56-1.14) 0.950

Model 4¢ 1 (ref) 0.94 (0.83-1.07) 0.95 (0.84-1.07) 0.96 (0.84-1.10) 0.80 (0.56-1.14) 0.750

Cl confidence interval, HR hazard ratio, MAFLD metabolic-associated fatty liver disease

Model 1 was adjusted for age and sex

PModel 2 was further adjsted for ethnicity (white, Asian, black, mixed, or other ethnic group), centers (22 categories), BMI (in kg/m2; <18.5, 18.5 to 25, 25 to 30, 30
to 35, =35, or missing), education (college or university degree, vocational qualifications, optional national exams at ages 17-18 years, national exams at age 16
years, others, or missing), Townsend deprivation index (quartiles), household income (<£18,000, £18,000-£30,999, £31,000-£51,999, £52,000-£100,000, >£100,000,
or missing), smoking (never, former, current, or missing), alcohol consumption (never or special occasions only, 1 to 3 times/month, 1 or 2 times/week, 3 or 4 times/
week, or daily/almost daily), physical activity (in MET-h/wk; quartiles)

“‘Model 3 was further adjusted for other remaining meats (unprocessed red meat, processed meat, unprocessed poultry, oily fish and non-oily fish), vegetable, fruit,
and total energy intake

dModel 4 was further adjusted for model 2 plus other remaining meats (unprocessed red meat, processed meat, unprocessed poultry, oily fish and non-oily fish),
total energy intake, and Alternate Mediterranean Diet score (total score minus the meat component)
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between fish intake and MAFLD remained but did not
reach statistical significance.

Interactions of different types of meat with MAFLD genetic
risk

Table 3 presents the interactions between meat intake
and the GRS for MAFLD. The analysis revealed a positive
association between total meat intake and MAFLD risk,
with a significant B of 0.074 (SE: 0.018, P<0.001). Both
unprocessed red meat and unprocessed poultry showed
similar associations with MAFLD risk (f=0.067 and
0.058, respectively, both P<0.001). However, no signifi-
cant interaction was found between meat intake and GRS
for any meat subtype (all P interaction>0.05).

In a categorical analysis, we further evaluated the HR
of MAFLD associated with different meat types, strati-
fied by tertiles of genetic risk (low, normal, and high
risk). Total meat, unprocessed red meat, and unpro-
cessed poultry intake were consistently associated with a
higher MAFLD risk across tertiles of genetic risk (Fig. 2).
Conversely, oily fish intake was inversely associated with
MAFLD risk among those with normal or high genetic
risk, with HRs not significantly different across tertiles
of GRS. Overall, no significant interactions between
subtypes of meat and tertiles of GRS for MAFLD were
detected (all P>0.05). These findings suggest that the
relationship between meat intake and MAFLD is largely
independent of genetic predisposition.

Subgroup analysis

Subgroup analyses revealed notable variations in the
association between meat intake and the risk of severe
MAFLD (Table S3). Specifically, the positive association
between total meat intake and severe MAFLD risk was
more pronounced among participants under 60 years of
age (P for interaction <0.001) and those without a history
of diabetes or hypertension (P for interaction<0.001).
Additionally, the association between unprocessed red
meat intake and severe MAFLD was stronger in par-
ticipants under 60, current smokers, and those without

Table 3 Interactions of meat intake with GRS for MAFLD
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a history of diabetes or hypertension (all P for interac-
tion<0.001). For processed meat, the risk increase was
particularly marked among participants under 60 and
those without a history of diabetes or hypertension (all
P for interaction<0.001). Conversely, higher oily fish
intake was inversely associated with MAFLD risk across
various subgroups, with a more pronounced association
observed among older adults and those without diabetes
or with hypertension (all P for interaction <0.001).

Sensitivity analysis

Sensitivity analyses further confirmed the robustness
of the associations between meat intake and the risk of
severe MAFLD (Table S4). After adjusting for lipid-low-
ering medication use, total meat, unprocessed red meat,
processed meat, and unprocessed poultry remained sig-
nificantly associated with an increased risk of MAFLD.
Adjusting for a healthy diet score (instead of an AMED
score) produced similar results, particularly for total
meat and unprocessed red meat intake. When excluding
MAFLD cases that developed within the first five years
of follow-up to minimize reverse causality, the positive
associations persisted, reinforcing the strength of these
findings. Oily fish intake continued to show an inverse
association.

Discussion
In this extensive cohort study involving 487,875 indi-
viduals, we observed a significant association between
high meat consumption and an increased risk of severe
MAFLD. High intake of total meat, processed meat,
and unprocessed red meat was linked to a higher risk of
severe MAFLD, whereas oily fish consumption was asso-
ciated with a reduced risk. Importantly, these associa-
tions were not modified by the genetic risk of MAFLD.
Previous studies have reported inconsistent asso-
ciations between unprocessed red meat intake and the
incidence of MAFLD [10, 14, 15, 22], possibly due to dif-
ferences in the definition of red meat, variations in intake
standards, limited sample sizes, or insufficient follow-up

Meat intake GRS for MAFLD Meat intake x GRS

p? SE P p? SE P p? SE P
Total meat 0.074 0.018 <0.001 0.149 0.016 <0.001 -0.002 0.018 0.928
Unprocessed red meat 0.067 0.015 <0.001 0.147 0.016 <0.001 0.016 0.015 0.275
Unprocessed poultry 0.058 0.016 <0.001 0.149 0.016 <0.001 0.003 0.016 0.857
Processed meat 0.025 0.016 0.131 0.150 0.016 <0.001 -0.006 0.015 0.672
Qily fish -0.008 0.016 0617 0.148 0.016 <0.001 -0018 0016 0.252
Non-oily fish 0.003 0.016 0.859 0.148 0.016 <0.001 0.023 0.016 0.144

Cl confidence interval, GRS genetic risk score, MAFLD metabolic-associated fatty liver disease

Cox proportional hazard regression models for MAFLD were performed using standardized values of meat intake and GRS

B coefficients were adjusted for age, sex, ethnicity, centers, BMI, education, Household income, Townsend deprivation index, smoking, alcohol consumption,
physical activity, energy, Alternate Mediterranean Diet score (total score minus the meat component), and other remaining meats
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Fig. 2 Hazard ratios for MAFLD for 1 standard deviation increment in meat intake across genetic risk categories. The multivariable model was adjusted
for age and sex, ethnicity (White, Asian, Black, mixed, or other ethnic group), centers (22 categories), BMI (in kg/m2; <18.5, 18.5 to 25, 25 to 30, 30 to 35,
> 35, or missing), education (college or university degree, vocational qualifications, optional national exams at ages 17-18 years, national exams at age
16 years, others, or missing), Townsend deprivation index (quartiles), household income (<£18,000, £18,000-£30,999, £31,000-£51,999, £52,000-£100,000,
>£100,000, or missing), smoking (never, former, current, or missing), alcohol consumption (never or special occasions only, 1 to 3 times/month, 1 or
2 times/week, 3 or 4 times/week, or daily/almost daily), physical activity (in MET-h/wk; quartiles), other remaining meats (unprocessed red meat, pro-
cessed meat, unprocessed poultry, oily fish and non-oily fish), total energy intake, and Alternate Mediterranean Diet score (total score minus the meat
component)
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periods to capture long-term effects [33]. However, our
large-scale study (n=487,875) with an extended follow-
up duration (12.1 years) strongly supports a positive
link between high red meat intake and severe MAFLD.
Unprocessed red meat is rich in saturated fatty acids
(SFAs), which have been shown to increase liver lipid
storage, affecting energy metabolism and insulin resis-
tance [34]. These changes potentially promote MAFLD
development through the regulation of liver gene expres-
sion and signaling. High SFA levels initiate the unfolded
protein response by saturating the endoplasmic reticu-
lum (ER) membrane, leading to ER stress and elevated
levels of lysophosphatidylcholine (LPC) [35]. Mitochon-
drial dysfunction also plays a crucial role in the effects of
high SFA levels on MAFLD [35]. Additionally, inflamma-
tion, oxidative stress, ER stress, and increased LPC levels
induced by high SFAs can activate the c-Jun N-terminal
kinase (JNK) stress pathway, which promotes hepatocyte
apoptosis—a key factor in the development of NASH
[36].

Previous studies have shown a significant association
between high processed meat intake and an increased
risk of severe MAFLD [12-14, 33], which aligns with
our findings. However, some research has questioned
the strength of this relationship [37], possibly due to
differences in sample characteristics and assessment
methods. Processed meats are high in SFAs and typi-
cally contain elevated levels of sodium (up to 400% more
than unprocessed meats) and additives such as nitrites,
which have been linked to insulin resistance and oxida-
tive stress, contributing to MAFLD development [38, 39].
High intake of processed meats is also associated with
hepatic accumulation of advanced glycation end prod-
ucts (AGEs), which are closely related to the progression
of NASH through activation of the TGF-p signaling path-
way, a critical factor in liver fibrosis [40].

The relationship between fish consumption and
MAFLD has also been contentious [16—18]. Our study
revealed that oily fish, but not non-oily fish, was asso-
ciated with a lower risk of severe MAFLD. Consistent
with our findings, a recent South Korean cohort study
reported that oily fish and its fatty acids were protective
against MAFLD, particularly in women [16]. Similarly,
the Guangzhou Biobank Cohort Study found an inverse
association between fatty fish consumption and MAFLD
[15]. Oily fish is a significant source of n-3 polyunsatu-
rated fatty acids (PUFA) [41], which have been shown to
inhibit the activity of sterol regulatory element-binding
protein-1c (SREBP-1c) and reduce the cellular abundance
of Max-like protein, thereby suppressing fatty acid syn-
thesis and regulating enzymes such as acetyl-CoA car-
boxylase and fatty acid synthase involved in fat formation
[42, 43]. Additionally, n-3 PUFA can promote insulin
receptor activation and IRS-1 tyrosine phosphorylation,
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leading to the activation of the PI3K-Akt pathway and
translocation of glucose transporter 4, which enhances
glucose uptake into cells and reduces liver fat accumu-
lation [44]. Furthermore, n-3 PUFA acts as a ligand for
peroxisome proliferator-activated receptor-a, activating
ACOX and medium-chain acyl-CoA dehydrogenase, thus
promoting fatty acid p-oxidation [45]. Due to its anti-
oxidative and anti-inflammatory properties, n-3 PUFA
shows promise in treating metabolic syndrome, though
its effects on oxidative stress have shown variable results
[46—48]. Overall, n-3 PUFA appears to play a protective
role in the progression of severe MAFLD, supporting rec-
ommendations for oily fish consumption to help prevent
MAFLD.

Limited data are available on the relationship between
poultry consumption and MAFLD. A positive associa-
tion between poultry intake and MAFLD was reported
in a nested case-control analysis of 2,974 MAFLD cases
and 29,474 matched controls [22]. However, this associa-
tion was not observed in the Guangzhou Biobank Cohort
Study, which included 1,862 participants aged 50 years or
older [15]. Our finding of a positive link between unpro-
cessed poultry consumption and severe MAFLD should
be interpreted with caution, as the highest category of
consumption (>5 times/week) did not show a statistically
significant hazard ratio (HR: 1.21; 95% CI: 0.98-1.49)
compared with non-consumers. Additional studies are
needed to validate our results.

MAFLD is thought to develop from complex interac-
tions between genetic and lifestyle factors, including diet
[24]. However, we did not observe significant interactions
between different types of meat consumption and the
MAFLD GRS, suggesting that the detrimental effects of
red and processed meat and the protective effects of oily
fish on MAFLD risk are consistent across varying levels
of genetic risk. These findings indicate that dietary guide-
lines recommending reduced consumption of red and
processed meats, along with increased oily fish intake,
may be beneficial for the general population regardless of
genetic predisposition to MAFLD. Our subgroup analy-
ses further indicated that the associations between red
or processed meat intake and MAFLD risk were stronger
among younger participants and those without a history
of diabetes or hypertension, suggesting that healthier
individuals might be more susceptible to the harmful
effects of red or processed meat. Excluding individuals
with known liver disease at baseline may have dispro-
portionately removed older individuals and those with
metabolic conditions, resulting in relatively lower risk
in healthier subgroups. However, further mechanistic
research is needed to clarify this observation.

The strengths of our study include its large sample size,
long duration of follow-up, and the assessment of gene-
diet interactions. However, several limitations should be
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considered. First, MAFLD diagnosis was based on hos-
pital admission and mortality records, primarily captur-
ing advanced or severe cases, which may have excluded
milder instances of the disease. Second, although the FFQ
used to assess meat intake was validated, self-reported
dietary data are subject to measurement errors. We
incorporated 24-hour dietary recall data as a supplemen-
tary analysis, which allows for a more precise estimation
of meat intake based on food weight. Our findings from
24-hour dietary recall data remained largely consistent
with the primary results, although reduced sample size
limited statistical power for certain food groups, such
as fish. Future studies should integrate comprehensive
dietary assessments, including quantitative intake mea-
surements, to corroborate our findings. Third, meat con-
sumption was measured only at baseline, so any dietary
changes over time were not captured, which may have
led to an underestimation of associations. Fourth, includ-
ing fish in the “meat” food group presents challenges in
interpreting its overall association with MAFLD risk, as
meat and fish have divergent health effects. This classifi-
cation may obscure the distinct roles of different protein
sources, with processed and red meats generally increas-
ing risk, while fish consumption tends to offer protective
effects. Fifth, despite adjusting for a wide range of covari-
ates, the possibility of unmeasured or residual confound-
ing cannot be completely ruled out. Sixth, our study
population consisted only of European men and women,
limiting the generalizability of the findings to other eth-
nic groups. Finally, given the observational design of this
study, causal relationships cannot be established.

Conclusions

In conclusion, our study found that higher consump-
tion of total meat, processed meat, and unprocessed
red meat was associated with an increased risk of severe
MAFLD, while oily fish consumption was associated with
a reduced risk. These associations were independent of
genetic risk for MAFLD. Our findings provide strong evi-
dence supporting the recommendation to reduce red and
processed meat consumption and increase oily fish intake
for the primary prevention of MAFLD, regardless of indi-
vidual genetic risk.

Abbreviations
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