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Steatotic liver disease (SLD) is a common chronic liver disease without effective therapeutic options. 
Some studies suggest potential health benefits of dietary live microbes. This study aims to investigate 
the association between dietary live microbes intake and metabolic dysfunction-associated steatotic 
liver disease (MASLD) / metabolic alcohol-related liver disease (MetALD) / alcoholic liver disease (ALD) 
in adults. Data from the National Health and Nutrition Examination Survey 1999–2018 were analyzed. 
MASLD was defined according to the latest Delphi Consensus standard. Participants were grouped 
based on estimated dietary live microbe intake: low (< 104 CFU/g), moderate (104–107 CFU/g), and high 
(> 107 CFU/g). Multivariable logistic regression analysis was employed to assess the impact of dietary 
live microbes on MASLD/MetALD/ALD, along with further investigations into non-dietary probiotic/
prebiotic relationships. Participants had a weighted mean age of 47.05 years (SE, 0.24) and 50.59% 
were female. MASLD proportions differ among low (21.76%), moderate (22.24%), and high (18.96%) 
microbe groups. Similarly, for MetALD, proportions are 7.75%, 6.95%, and 6.44%, and for ALD, 5.42%, 
3.59%, and 2.97% in respective groups. The high dietary live microbe intake group was associated 
with a 16% lower risk of MASLD compared to those in the low intake group (trend test, P = 0.02), 
while the risk of ALD was reduced by 25% in the moderate intake group. A lack of association was 
identified between non-dietary prebiotic/probiotic and MASLD/MetALD/ALD. Our study suggests that 
a relatively high intake of live microbes diets in adults is associated with a lower risk of SLD.
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MetALD	� Metabolic alcohol-related liver disease
NHANES	� National health and nutrition examination survey
PIR	� Poverty income ratio
SLD	� Steatotic liver disease
SBP	� Systolic blood pressure
TG	� Triglyceride
WC	� Waist circumference

Steatotic liver disease (SLD) is a clinicopathological condition characterized by excessive fat accumulation 
within hepatocytes, leading to steatosis. The latest Delphi Consensus Statement recommends replacing the 
term “non-alcoholic fatty liver disease” (NAFLD) with “metabolic dysfunction-associated steatotic liver disease” 
(MASLD) due to the perceived stigmatizing nature of the terms "non-alcoholic" and “fatty”1. Additionally, the 
daily intake of 30-60 g of alcohol by NAFLD patients can alter the disease’s progression and affect how they 
respond to treatments. The newly introduced term “metabolic alcohol-related liver disease (MetALD)” aims to 
offer new perspectives for this patient group, specifically focusing on both metabolic and alcohol-related risk 
factors1. MASLD stands as the prevailing chronic liver ailment globally, affecting roughly 30% of adults, with its 
prevalence escalating annually2. It represents a significant contributor to liver-related morbidity and mortality3. 
In the absence of effective intervention, MASLD may progress to cirrhosis, end-stage liver disease, and ultimately 
hepatocellular carcinoma, presenting a considerable threat to public health and imposing a substantial disease 
burden4. Nevertheless, the precise pathogenesis of MASLD remains unclear. Although resmetirom was recently 
conditionally approved by the US food and drug administration for the treatment of non-cirrhotic metabolic 
dysfunction-associated steatohepatitis, effective pharmacological treatments are still under active investigation. 
Currently, lifestyle interventions are still the mainstay of treatment5. Therefore, it is imperative to conduct further 
investigations into the pathogenesis of MASLD and to pursue the development of effective therapeutic strategies.

Environmental exposures, genetic variants, obesity, poor lifestyle choices (e.g. high-calorie diets, excessive 
consumption of sugary drinks, physical inactivity, chronic smoking, etc.), and metabolic disorders are established 
risk factors for NAFLD6. In addition, numerous prior investigations have consistently demonstrated a significant 
association between gut microbiota dysbiosis and NAFLD development7–10. The human gut microbiota, 
characterized by its diverse composition and function, plays a pivotal role in influencing host metabolism, 
immunity, and overall health11. Dietary and nutritional interventions, such as the consumption of traditional 
fermented foods, probiotic, or prebiotic, have been shown to effectively modulate the composition and function 
of gut microbiota7,12. Fermented foods, exemplified by yogurt and kimchi, are crafted by managing microbial 
growth and catalyzing the transformation of food components through enzymatic action and are enriched with 
probiotic microorganisms such as lactobacilli13,14. Their probiotic counts and species vary depending on storage 
conditions, time and processing methods. It is worth noting that many foods, beyond fermented ones, contain 
live microbes, such as unpeeled fruits like apples, bananas, and peaches, and vegetables like plantain, cassava, 
and beet greens15. Recent studies indicate that increasing the intake of dietary live microbes promotes health, 
leading to proposed health strategies that incorporate dietary live microbes as an intervention16,17.

Probiotic refer to a range of live microbes, while prebiotic denote a non-digestible edible substrate, both of 
which have a beneficial effect on health18,19. Prior investigations have indicated an inverse correlation between 
high yogurt consumption and NAFLD20–22. Additionally, certain studies have explored the independent 
associations of probiotic and prebiotic intake with NAFLD23,24. However, there is a lack of studies on the 
relationship between the total dietary live microbes intake and metabolic dysfunction-associated steatotic liver 
disease / metabolic alcohol-related liver disease / alcoholic liver disease (ALD).

Therefore, the objective of our study is to assess the association of dietary live microbes and non-dietary 
prebiotic or probiotic intake with MASLD/MetALD/ALD in adults, utilizing cross-sectional data from the US 
National Health and Nutrition Examination Survey (NHANES) spanning from 1999 to 2018.

Materials and methods
Data source
NHANES, conducted by the National Center for Health Statistics (NCHS), serves as a comprehensive, multistage 
research initiative to evaluate the health and nutritional status of a nationally representative cross-section of the 
population. For this investigation, data from the 1999–2018 NHANES cycles were employed for participant 
identification. Rigorous procedures and protocols governing NHANES were ethically sanctioned by the NCHS 
Research Ethics Review Board, with all participants providing written informed consent. Enhanced Reporting 
Guidelines were adhered to in the execution of this study25.

Study design and population
This study utilized data from participants in the NHANES 1999–2018 cycles as the foundation for analysis. 
Exclusion criteria comprised individuals aged < 20 years, those without laboratory and alcohol consumption data 
for the calculation of MASLD/MetALD/ALD, those without information on the dietary intake of live microbes 
intake, and those without demographic details (including age, sex, race/ethnicity, education level, poverty 
income ratio [PIR], marital status). Additionally, individuals lacking information on physical activity, smoking 
status, Healthy Eating Index-2015 (HEI-2015) score, cardiovascular disease (CVD) history, drinks, NHANES 
cycles, and other relevant data were excluded. After applying these criteria, a total of 18,329 participants were 
included in the analysis (Fig. 1).
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Definition and estimation of dietary live microbes intake
The dietary live microbe intake data in this study were derived from the estimation of live bacteria quantity (per 
gram) by four domain experts (MLM, MES, RH, and CH). These experts assessed 9388 food codes from 48 
subgroups in the NHANES database15. The estimation process utilized 24-h dietary review data from the United 
States Department of Agriculture (USDA) and was compared with corresponding food codes in the NHANES 
database, aligned with the food and nutrient database25. Foods were then classified into three categories based on 
the assessment, representing low (< 104 CFU/g), moderate (104–107 CFU/g), or high (> 107 CFU/g) anticipated 
levels of live microbes. These categories corresponded to pasteurized foods (< 104 CFU/g), unpeeled fresh fruits 
and vegetables (104–107 CFU/g), and unpasteurized fermented foods and probiotic supplements (> 107 CFU/g), 
respectively. The categorization of each type of food has been previously delineated in the extant literature and 
Table S115.

This study classified participants’ estimated intake of live microbes into three groups based on the grading of 
various foods. These groups were the low dietary live microbes group (comprising participants who consumed all 
food live microbes categories graded as low), the moderate dietary live microbes group (comprising participants 
who consumed foods graded as moderate but not high), and the high dietary live microbes group (comprising 
participants who consumed foods graded as high). This categorization aligns with previous literature25.

Definition of SLD
SLD is an updated terminology that encompasses the fatty liver disease spectrum, with MASLD being the 
terminology that specifically replaces NAFLD. This nomenclature shift aims to mitigate stigmatizing language 
and provide a more clinically relevant classification26.

The diagnosis of SLD follows the United States fatty liver index (US FLI) laboratory criteria, with a diagnostic 
threshold based on literature, defined as US FLI ≥ 30. The US FLI was calculated based on age, race-ethnicity, 

Fig. 1.  Flow Diagram of the Screening and Enrollment of Study Participants.
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waist circumference (WC), γ-glutamyl transpeptidase activity, fasting insulin, and fasting glucose. At this point, 
the diagnosis of steatohepatitis is made with a sensitivity of 87% and a negative likelihood ratio of 0.227. When 
hepatic steatosis is identified via contrast or biopsy, the diagnosis of MASLD is established if the patient exhibits 
any cardiovascular metabolic risk, and other causes of steatosis can be excluded. Additionally, MetALD is 
diagnosed in individuals with MASLD who have high alcohol consumption, with thresholds of 20–50 g/day (or 
140-350 g/week) for females and 30–60 g/day (or 210-420 g/week) for males. ALD is characterized by steatosis 
and an average daily alcohol intake of > 50 g (females) / > 60 g (males) in the absence of metabolic risk factors. In 
other words, a diagnosis of MASLD requires that at least one of the following five conditions be met at the same 
time as the conditions for a diagnosis of SLD:

a. Body mass index (BMI) ≥ 25  kg/m2 OR WC > 94  cm (Male) 80  cm (Female) OR ethnicity-adjusted 
equivalent.

b. Fasting serum glucose ≥ 5.6 mmol/L [100 mg/dl] OR 2-h post-load glucose levels ≥ 7.8 mmol/L [≥ 140 mg/
dl] OR HbA1c ≥ 5.7% [39 mmol/L] OR type 2 diabetes OR treatment for type 2 diabetes.

c. Blood pressure ≥ 130/80 mmHg OR specific antihypertensive drug treatment.
d. Plasma triglycerides ≥ 1.70 mmol/L [150 mg/dl) OR lipid-lowering treatment.
e. Plasma high density lipoprotein cholesterol (HDL-C) ≤ 1.0 mmol/L [40 mg/dl] (Male) and 1.3 mmol/L 

[50 mg/dl]) (Female) OR lipid-lowering treatment.

Definition of liver fibrosis
We utilized non-invasive tests, specifically the NFS (non-invasive fibrosis score) and FIB-4 (Fibrosis 4 score), 
to stratify the risk of liver fibrosis. A NFS score ≤ -1.455 was considered low risk, while a FIB-4 score ≤ 3.25 
defined low risk, with scores exceeding these thresholds classified as moderate or high risk. These criteria were 
used to categorize participants into respective fibrosis risk groups for analysis of the association with dietary live 
microbe intake.

Covariates
The variables, including age, gender, race/ethnicity, marital status, PIR, education level, NHANES cycle, history 
of CVD, HEI-2015, physical activity, smoking status, and daily drinking, were identified as confounding factors 
based on previous research and established clinical judgment25,28,29. Daily drinking was specifically defined as 
the average number of drinks consumed on days when alcohol was ingested in the past 12 months. The drinks 
were then converted to grams of alcohol (1 drink = 14 g of alcohol) to meet the consensus definition30. Physical 
activity was characterized as the cumulative self-reported time spent on activities such as walking, biking, home 
or yard activities, muscular strength exercises, work-related tasks, and recreational activities throughout the 
week31. Race/ethnicity data were collected through self-reports, and classified into five categories: Mexican 
American, non-Hispanic Black, non-Hispanic White, other Hispanic, and others (including multi-racial 
participants). Educational level was stratified into three groups: less than high school, high school or equivalent, 
and above high school. Marital status was categorized into four groups: married, never married, living with a 
partner, and other (e.g., widowed, divorced, or separated). Previous diagnosis of heart failure, coronary heart 
disease, angina, heart attack, or stroke was recorded as self-reported CVD history. Smoking status was classified 
into three groups: never smoked (less than 100 cigarettes), ever smoked (smoked more than 100 cigarettes but 
quit), and current smoker (smoked more than 100 cigarettes and currently smoking)6. The HEI-2015 is a dietary 
quality index that measures the consistency of diets with the Dietary Guidelines for Americans (DGA) and 
consists of 13 dietary components (Table S2)32. The scoring range for HEI-2015 is 0 to 100, with higher scores 
indicating better dietary quality. Selected covariates for laboratory examination include alanine transaminase 
(ALT), aspartate transaminase (AST), γ-glutamyl transpeptidase (GGT), and alkaline phosphatase (ALP).

Statistical analysis
The intricate sampling design employed in this study, along with the sample weights for the Mobile Examination 
Center examination, adhered to the analytical recommendations of NHANES. Baseline characteristics of 
participants were computed based on the live microbes intake pattern, representing categorical variables as 
numbers and percentages (%) and continuous variables as means with standard errors (SE). Categorical variables 
were subjected to chi-square tests with second-order corrections for Rao and Scott; Wilcoxon rank-sum tests for 
continuous non-normal variables, and t-tests for normal variables to detect differences in characteristics across 
intake patterns. Additionally, a comparative analysis was performed on the characteristics of both included and 
excluded participants.

In this study, multivariable logistic regression analysis was utilized to examine the association between 
estimated live microbes intake patterns (low, moderate, or high) and SLD, and complementary assessment was 
performed to investigate the association between non-dietary probiotic and prebiotic and SLD. Model 1 was 
adjusted for age, sex, race/ethnicity, marital status, PIR, and education level. Model 2 had additional adjustments 
for CVD history, physical activity, daily drinking, smoking status, HEI-2015, and NHANES cycles based on 
model 1. Model 3 had additional adjustments for ALT, AST, GGT, and ALP based on model 2. Model 4 was 
additionally adjusted for HbA1c and triglyceride (TG)/high density lipoprotein cholesterol (HDL-c) based on 
model 3. Categorical variables were treated as continuous parameters for linear trend tests.

In subgroup analyses, results were stratified by age (20–40 years, 40–60 years, or ≥ 60 years), sex (female or 
male), race/ethnicity (Mexican American, non-Hispanic black, non-Hispanic white, other Hispanic, or other), 
educational level (less than high school, high school or equivalent, and above high school), CVD history(no or 
yes), TG/HDL-c group (Q1, Q2 and Q3), smoking status (never smoked, ever smoked, and currently smoked), 
drinking status (never drank, ever drank, and currently drank), smoking/drinking status (never drinking or 
smoking, only drinking or smoking, and drinking and smoking together) and daily alcohol consumption 
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(Male < 30 g/Female < 20 g, Male30-60 g/Female20-50 g, and Male > 60 g/Female > 50 g). To examine the effect 
of one variable on the outcome based on the level of another variable, a cross-product term was added to the 
regression model to test for interactions.

We additionally conducted a supplementary analysis examining the relationship between live microbes intake 
and liver fibrosis, as defined by both the NFS and FIB-4. In the supplementary analyses, due to the live microbes 
system lacking an evaluation of probiotic/prebiotic supplementation, we carried out an additional assessment 
of the influence of non-dietary probiotic/prebiotic supplements on MASLD/MetALD/ALD. Consequently, a 
comprehensive keyword text search was conducted on the names and ingredients of all dietary supplements, 
along with drug names and ingredients in the NHANES database. This search aimed to identify food categories 
containing prebiotic, probiotic, and symbiotic. The search term list for identifying prebiotic and probiotic was 
developed based on prior literature and is detailed in Table S319.

All analyses in this study were conducted using R, version 4.3.1 (R Project for Statistical Computing), the 
survey package (version 4–2.1), and Free statistics software (version 1.9.2). Statistical significance was established 
when two-sided P-values were less than 0.05.

Result
Characteristics of the participants
Table 1 presents the baseline characteristics of the study population categorized by different levels of dietary 
intake of live microbes. A total of 18,329 participants were included in our study, with a weighted mean age 
of 47.05 years (SE, 0.24), of which 9,278 were females (weighted proportion, 50.59%). 6,454 participants were 
assigned to the low dietary intake group of live microbes, 7,894 participants were in the moderate dietary live 
microbes intake group, and the remaining 3,981 participants were in the high dietary live microbes intake group. 
Participants in the high dietary intake group of live microbes were more likely to be female, aged between 40 and 
59 years, non-Hispanic white, married, have completed high school or higher education, never smoked, with 
a high PIR, engage in more physical activity, have high HEI scores, and low alcohol intake (P value < 0.001). In 
contrast, participants in the low dietary intake group of live microbes had a higher proportion of CVD history 
and a relatively higher proportion of MASLD and ALD (P value < 0.001).

Figure 2A shows the weighted percentages of MASLD, MetALD, and ALD in different dietary live microbes 
groups. The proportion of patients with MASLD in different live microbes groups are 21.76% (low), 22.24% 
(moderate), and 18.96% (high), respectively. The proportion of patients with MetALD is 7.75% (low), 6.95% 
(moderate), and 6.44% (high), respectively, and the proportion of patients with ALD is 5.42% (low), 3.59% 
(moderate), and 2.97% (high), respectively. Part B of Fig.  2 shows the metabolic biomarkers of MASLD, 
MetALD, and ALD (including BMI, systolic blood pressure (SBP), diastolic blood pressure (DBP), TG, HDL-C, 
TG/HDL-C, ALT, AST, GGT, ALP, glucose (GLU), HbA1c, and daily drinking). Overall, except for SBP, the 
remaining markers showed significant differences between the MASLD, MetALD, and ALD groups. In addition, 
we used upsets plots to show the overlapping patterns of the five metabolic phenotypes in MASLD. As shown in 
Fig. 3, the highest number of individuals had all five cardiometabolic risk factors at the same time.

Association between dietary live microbes intake and MASLD/MetALD
The results of the sample-weighted multivariable logistic regression analysis examining the association between 
dietary intake of live microbes and MASLD/MetALD/ALD are shown in Table 2.

In the crude model, a high dietary intake of live microbes was associated with a lower risk of MASLD compared 
to the low dietary live microbes group (OR = 0.74, 95%CI, 0.66–0.83), with a statistically significant test of trend 
(trend test, P < 0.001), while moderate intake of live microbes exhibited no significant association with MASLD 
risk. After adjusting for age, sex, race, marital status, education level, PIR, CVD history, physical activity, daily 
drinking, smoking status, HEI-2015, NHANES cycles, ALT, AST, GGT, ALP, HbA1c, and TG/HDL-c (model 4), 
this relationship remained stable (Trend test, P = 0.02). For MetALD, after adjusting for age, sex, race, marital 
status, education level, and PIR (model 1), a high dietary intake of live microbes was significantly associated 
with a lower risk of MetALD (OR = 0.76, 95%CI, 0.61–0.95). However, further adjustments for CVD history, 
physical activity, daily drinking, smoking status, HEI-2015, and NHANES cycles led to the loss of significance in 
this relationship. In terms of ALD, in the crude model, both moderate and high dietary intake of live microbes 
were associated with a lower risk of ALD (Moderate: OR = 0.65, 95%CI, 0.53–0.80; High: OR = 0.53, 95%CI, 
0.40–0.72). However, in model 4, only moderate dietary intake of live microbes remained significantly associated 
with a lower risk of ALD (OR = 0.75, 95%CI, 0.57–0.99), while the high dietary live microbes intake group 
became no longer significant.

In addition, regression analysis was performed on the association between blood lipids, liver enzymes, blood 
glucose, body weight, blood pressure, TG/HDL-C, and MASLD/MetALD/ALD (Table S4). Overall, all these 
metabolic biomarkers were significantly associated with MASLD, MetALD, and ALD (except for ALT). We 
further presented their dose–response relationships with MASLD and metabolic phenotypes using restricted 
cubic spline plots (Figure S1). The results showed a non-linear relationship between all markers and MASLD. 
With the exception of HDL and DBP, there was a non-linear relationship between the remaining markers and 
MetALD/ALD.

Subgroup analyses and additional analyses
Subgroup analyses exploring the association between dietary intake of live microbes and MASLD/MetALD/
ALD in different subgroups are shown in Table S5. No significant interactions were observed in all predefined 
subgroups (p for interaction > 0.05).

In Table S6, we observed a significant positive correlation between high dietary intake of live microbes and 
reduced liver fibrosis risk as defined by the NFS score. However, when liver fibrosis was defined using the FIB-4 
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Characteristics Total Low Live Microbes Group Moderate Live Microbes Group High Live Microbes Group P Value

Number of participants 18,329 6454 7894 3981

Age, mean (SE), year 47.05(0.24) 45.03(0.28) 48.72(0.34) 46.92(0.39)  < 0.001

Age, No. (%)  < 0.001

 20–39 6308(36.64) 2362(41.16) 2469(32.68) 1477(37.33)

 40–59 5913(38.64) 2087(38.01) 2540(39.59) 1286(37.91)

  ≥ 60 6108(24.71) 2005(20.83) 2885(27.73) 1218(24.76)

Sex, No. (%)  < 0.001

 Female 9278(50.59) 3019(45.77) 4037(51.73) 2222(54.83)

 Male 9051(49.41) 3435(54.23) 3857(48.27) 1759(45.17)

Race/ethnicity, No. (%)  < 0.001

 Mexican American 3214(7.73) 940(7.01) 1682(9.51) 592(5.76)

 Non-Hispanic Black 3484(9.75) 1728(14.64) 1294(8.70) 462(5.26)

 Non-Hispanic White 8766(71.46) 2751(66.10) 3753(70.93) 2262(79.08)

 Other Hispanic 1413(5.06) 510(5.70) 581(4.97) 322(4.40)

 Other Race 1452(6.01) 525(6.56) 584(5.89) 343(5.50)

Marital status, No. (%)  < 0.001

 Married 9924(57.66) 3124(51.37) 4519(60.60) 2281(60.85)

 Never married 3052(16.66) 1222(19.36) 1157(14.70) 673(16.40)

 Living with partner 1435(7.78) 550(8.71) 586(7.18) 299(7.57)

 Others 3918(17.90) 1558(20.56) 1632(17.52) 728(15.17)

Education level, No. (%)  < 0.001

 Less than high school 4623(16.18) 1932(21.62) 2034(15.89) 657(9.82)

 High school or equivalent 4239(24.03) 1658(27.47) 1768(23.61) 813(20.39)

 Above high school 9467(59.78) 2864(50.92) 4092(60.50) 2511(69.80)

PIR, mean (SE) 3.05(0.03) 2.67(0.04) 3.13(0.03) 3.41(0.04)  < 0.001

Physical activity, mean
(SE), min/week 667.29(16.25) 734.08(24.27) 598.48(20.95) 693.64(28.29)  < 0.001

HEI-2015 score, mean (SE) 50.18(0.20) 45.44(0.23) 52.41(0.25) 52.59(0.30)  < 0.001

Daily drinking, mean (SE), g 27.90(0.40) 30.60(0.63) 26.70(0.53) 26.42(0.64)  < 0.001

Smoking status, No. (%)  < 0.001

 Former 4434(26.54) 1351(23.00) 2077(28.66) 1006(27.52)

 Never 8962(52.90) 2900(48.06) 3955(53.73) 2107(57.53)

 Now 3373(20.56) 1562(28.95) 1244(17.61) 567(14.95)

Diabetes Mellitus, No. (%)  < 0.001

 Yes 14,329(85.95) 5066(85.73) 6068(84.77) 3195(88.14)

 No 3324(14.05) 1198(14.27) 1501(15.23) 625(11.86)

CVD history, No. (%)  < 0.001

 No 14,923(91.19) 5106(90.37) 6456(90.70) 3361(92.99)

 Yes 1846(8.81) 707(9.63) 820(9.30) 319(7.01)

MASLD, No. (%)  < 0.001

 No 10,999(67.46) 3740(64.61) 4719(67.12) 2540(71.49)

 Yes 5770(32.54) 2073(35.39) 2557(32.88) 1140(28.51)

MetALD, No. (%) 0.16

 No 14,496(86.97) 4959(84.51) 6293(87.80) 3244(88.67)

 Yes 2273(13.03) 854(15.49) 983(12.20) 436(11.33)

ALD, No. (%)  < 0.001

 No 17,505(95.97) 6109(94.58) 7545(96.41) 3851(97.03)

 Yes 824(4.03) 345(5.42) 349(3.59) 130(2.97)

Table 1.  Characteristics of the Study Population According to the Different Dietary Live Microbes Intake. 
ALD, alcoholic liver disease; CVD, cardiovascular disease; HEI, healthy eating index; MASLD, metabolic 
dysfunction-associated steatotic liver disease; MetALD, metabolic alcohol-related liver disease; PIR, poverty 
income ratio; SE, standard error. All means and SEs for continuous variables and percentages for categorical 
variables were weighted.
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score, no significant correlation was found between the intake of live microbes and fibrosis risk. These results 
suggest that the association between live microbial intake and liver fibrosis risk may vary depending on the 
fibrosis assessment method employed.

Additionally, we assessed the associations between various study parameters (Age, PIR, HEI-2015, PA, BMI, 
HbA1c, GLU, TG, HDL, SBP, DBP, TG/HDL-C, ALT, AST, ALP, GGT) according to the participants’ smoking and 
drinking status, and presented the results in the form of a heatmap (Figure S2). The sample-weighted regression 
analyses presented in Table S7 explored the association between intake of non-dietary prebiotic/probiotic and 
MASLD/MetALD/ALD. Our study found no significant association between non-dietary prebiotic/probiotic 
and MASLD/MetALD/ALD.

Discussion
In this extensive national cross-sectional study, we observed that individuals with high dietary intake of live 
microbes had a lower prevalence of MASLD compared to those with low dietary live microbes intake, while 
those with moderate dietary live microbes intake were related to a lower risk of ALD. Additionally, there was 

Fig. 2.  Weighted Percentage of MASLD, MetALD, and ALD Prevalence in Different Dietary Live Microbes 
Intake Groups (A). Metabolic Biomarkers Between MASLD, MetALD, and ALD Presented as Weighted Mean 
and SE (B).
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Crude model Model 1 Model 2 Model 3 Model 4

OR(95%CI) P value OR(95%CI) P value OR(95%CI) P value OR(95%CI) P value OR(95%CI) P value

MASLD

Moderate 0.91(0.82, 1.002) 0.055 0.82(0.74, 0.92)  < 0.001 0.91(0.82, 1.01) 0.09 0.93(0.84, 1.04) 0.22 0.94(0.84, 1.05) 0.28

High 0.74(0.66, 0.83)  < 0.001 0.74(0.65, 0.84)  < 0.001 0.80(0.71, 0.91)  < 0.001 0.81(0.70, 0.93) 0.004 0.84(0.72, 0.97) 0.02

Trend test  < 0.001  < 0.001  < 0.001 0.004 0.02

MetALD

Moderate 0.89(0.73, 1.08) 0.23 0.84(0.68, 1.02) 0.08 0.91(0.73, 1.12) 0.35 0.92(0.74, 1.14) 0.45 0.92(0.74, 1.14) 0.44

High 0.82(0.66, 1.01) 0.06 0.76(0.61, 0.95) 0.02 0.81(0.65, 1.02) 0.07 0.84(0.66, 1.05) 0.13 0.84(0.67, 1.06) 0.15

Trend test 0.07 0.02 0.07 0.14 0.15

ALD

Moderate 0.65(0.53, 0.80)  < 0.001 0.72(0.58, 0.88) 0.002 0.75(0.57, 0.98) 0.03 0.76(0.58, 1.00) 0.050 0.75(0.57, 0.99) 0.04

High 0.53(0.40, 0.72)  < 0.001 0.69(0.51, 0.94) 0.02 0.73(0.51, 1.05) 0.09 0.76(0.52, 1.10) 0.15 0.77(0.53, 1.11) 0.16

Trend test  < 0.001 0.01 0.07 0.11 0.12

Table 2.  Association between Dietary Live Microbes Intake and MASLD/MetALD/ALD. ALD, alcoholic liver 
disease; CVD, cardiovascular disease; HEI, healthy eating index; MASLD, metabolic dysfunction-associated 
steatotic liver disease; MetALD, metabolic alcohol-related liver disease; NHANES: National Health and 
Nutrition Examination Surveys; OR, odds ratio; PIR, poverty income ratio. Crude model was the model 
without adjustment for covariates. Model 1 was adjusted for age, sex, race, marital status, education level, 
and PIR. Model 2 was adjusted as for model 1, additionally adjusted for CVD history, physical activity, daily 
drinking, smoking status, HEI-2015, and NHANES cycles. Model 3 was adjusted as for model 2, additionally 
adjusted for ALT, AST, GGT, and ALP. Model 4 was adjusted as for model 3, additionally adjusted for HbA1c 
and TG/HDL-c.

 

Fig. 3.  Overlap of Five Metabolic Phenotypes in MASLD. Dots indicate the types of metabolic phenotypes, 
lines represent the patterns of overlap among metabolic phenotypes, and bar charts show the number of 
individuals within each pattern.
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a lack of association between dietary live microbes intake and MetALD. Our study revealed no significant 
interactions between dietary live microbes and SLD subgroups. Furthermore, no significant association was 
observed between non-dietary prebiotic/probiotic intake and SLD.

The gut microbiota dysbiosis interconnects with SLD through the gut-liver axis, a specialized anatomical 
and physiological structure. Multiple studies demonstrated alterations in gut microbiota composition and 
abundance in NAFLD patients, covering augmented abundance of genera such as Bacteroides and Prevotella, and 
diminished abundance of genera such as Ruminococcus and Faecalibacterium33,34. A nationally representative 
study conducted by Colin Hill et al. substantiated the association between consumption of foods with 
moderate to high levels of live microbes and favorable blood pressure, anthropometric measurements (BMI, 
waist circumference), and biomarkers (blood glucose, C-reactive protein, insulin, triglyceride levels, and HDL 
cholesterol)17, which were inextricably linked with the prevention and improvement of SLD.

The microbial content of food encompasses bacteria, yeast, and molds, which differ based on variables 
like food category, origin, and manufacturing or processing circumstances. The Western diet is considered to 
have a low dietary intake of live microbes and has been associated with liver fat deposition and decreased gut 
microbiota diversity35. In contrast, dietary patterns centered on fruits, vegetables, grains, and legumes are rich 
in live microbes, exemplified by the Mediterranean diet (MeDdiet). This dietary regimen has demonstrated 
the ability to foster the reinstatement of gut microbiota diversity and ameliorate the dysbiotic characteristics 
of NAFLD patients36. However, the specific health benefits of fermented foods remain controversial due to 
ongoing debate and no consensus. For example, Doreen et al. found that total dairy product consumption and 
cardiovascular disease risk may have a certain degree of negative correlation, but inconsistent correlations for 
fermented dairy products (yogurt and cheese)37, underlining that the health advantages of fermented foods 
may be tied to the specific microbial composition, raw materials, and production methods used. Although this 
study suggested that dietary intake of high levels of live microbes might decrease the incidence of MASLD, using 
non-fermented foods (104–107 CFU/g) as a source of conducive microbes may be a superior choice for personal 
benefits. Particularly noteworthy was that there was no interaction between MASLD and dietary live microbes 
intake based on current subgroup analysis. However, previous studies indicated that higher levels of education 
and healthy behavior were associated with healthy dietary patterns (including MeDdiet)38,39, thereby mediating 
the production of SLD through the same or similar pathophysiological mechanisms as the intake of live microbes. 
Therefore, more longitudinal research is required to comprehensively comprehend the interactions between 
individual backgrounds, dietary patterns, and gut microbiota composition to develop personalized prevention 
and therapy strategies for SLD patients.

Alcohol and metabolic risk factors were known to have a synergistic effect on the overall risk of developing 
severe liver disease40. The newly coined term MetALD underscored the significance of alcohol’s involvement 
in fatty liver disease. Both animal and human studies provided evidence supporting a profound correlation 
between alcohol consumption dysbiosis of the intestinal microbiota in the pathogenesis of alcoholic fatty liver 
disease (AFLD)41. Chronic alcohol abuse is associated with compromised intestinal barrier function as a result of 
perturbations in gut microbiota composition42. Prolonged alcohol consumption has been shown to substantially 
decrease the abundance of Bacteroides while increasing the levels of Proteus bacteria, consequently leading to 
impaired intestinal permeability, elevated lipopolysaccharides (LPS), and endotoxins in the liver circulation, 
and ultimately culminating in liver damage41. These results may imply that augmenting the consumption of live 
microbes in food could potentially mitigate the detrimental impacts of alcohol on fatty liver by regulating the 
gut microbiome, but no such effect was revealed in our results. However, the implications of these microbial 
alterations within the gut remain incompletely elucidated and may be attributed to disease heterogeneity, 
potential concurrent medication use, as well as variations in patient selection or assessment criteria, resulting in 
divergent gut microbiota compositions across different populations of SLD subjects under study. Thus, further 
exploration of the relationship between gut microbiota and SLD necessitates the categorization of patients into 
distinct subtypes to yield a more comprehensive understanding of their interplay.

Probiotic, particularly lactic acid bacteria, have been extensively documented to ameliorate the advancement 
of metabolic-associated fatty liver disease via diverse pathways, encompassing the enhancement of gut 
microbiota dysbiosis, reinforcement of mucosal barrier function, and regulation of the tryptophan pathway43. 
Nonetheless, in the present investigation, no substantial association was found between non-dietary prebiotic/
probiotic consumption and MASLD/MetALD, contradicting previous research findings. This incongruity 
may stem from the absence of standardization of available probiotic supplements, lack of guidance on optimal 
formulation or treatment duration, and apparent technical constraints44, resulting in conflicting data within the 
literature on probiotic. A recent meta-analysis conducted by Tang et al. revealed limited efficacy of probiotic in 
weight reduction and insufficient evidence to support their effects on liver fat infiltration, blood lipid profiles, 
liver enzymes, pro-inflammatory cytokines, and glucose homeostasis. Moreover, while the majority of studies 
have focused on alterations in bacterial composition, differences in fungal and viral composition have also been 
observed in the gut of SLD patients45,46, contingent on the stage of the disease. This underlines the necessity for 
circumspection in the interpretation of outcomes from studies on the interaction between probiotic and liver 
diseases, thus emphasizing the imperative need for further meticulously designed prospective investigations to 
elucidate these associations.

The liver originates embryonically from the foregut during development and its connection to the gut through 
the portal vein, ensuring gastrointestinal microbiota-liver connectivity. Insufficient dietary intake of microbes 
can lead to the mediation of various mechanisms by the gut microbiota in the occurrence and development 
of SLD. Firstly, an imbalance in the gut microbiota can cause damage to the intestinal barrier function and 
increased permeability, resulting in elevated absorption of endotoxins and bacterial metabolites by the liver. 
This process can activate Toll-like receptors and nucleotide-binding oligomerization domain (NOD)-like 
receptors, triggering chronic inflammation and ultimately resulting in the accumulation of hepatic lipids and 
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damage to hepatocytes47. Moreover, disruption of the gut microbiota affects nutrient absorption in the intestine, 
impacting the body’s energy metabolism and leading to an accumulation of excess fat. Secondly, dysbiosis of 
the gut microbiota can lead to disturbances in bile acid metabolism. The bile acids aid in the emulsification 
of fats to facilitate lipid absorption, as well as act on the farnesoid X receptor (FXR) to produce antimicrobial 
peptides that help maintain stability in the intestinal environment. Bile acids also act on the Takeda G protein-
coupled receptor 5 (TGR5) to promote the expression of glucagon-like peptide-1, regulating blood sugar and 
improving insulin resistance (IR)10. Thirdly, choline plays a crucial role in maintaining the integrity of liver cell 
membranes and regulating lipid metabolism. The gut microbiota’s influence on the conversion of choline into 
trimethylamine oxide can induce IR and hepatic steatosis48. Fourthly, the gut microbiota has the capability to 
generate advantageous short-chain fatty acids (SCFAs) like acetic acid, propionic acid, and butyric acid via the 
decomposition of dietary fiber. These SCFAs not only uphold the stability of the intestinal barrier function but 
also partake in immune regulation and metabolic regulation through the G protein-coupled receptor signaling 
pathway49. Furthermore, some studies proposed that the gut microbiota contributed to the onset and progression 
of SLD by producing internal alcohol50.

Our findings open up several avenues for future research and application in prevention and personalized 
nutrition and medicine. Future studies could explore the mechanisms by which dietary live microbes modulate 
the risk of SLD. Understanding the underlying biological pathways could lead to the development of targeted 
dietary interventions for at-risk populations. These interventions might include using specific strains of live 
microbes or combinations that are particularly effective in reducing the risk of SLD. Additionally, public health 
campaigns could be designed to promote the inclusion of live microbes in the diet as a preventive measure 
against SLD.  Given the variability in individual responses to dietary interventions, personalized nutrition 
approaches could be employed to tailor the intake of live microbes to individual needs. Genetic predisposition, 
gut microbiome composition, and metabolic profiles could be used to create personalized dietary plans that 
optimize the intake of live microbes for each individual. This would ensure that the benefits of live microbes 
are maximized while minimizing potential risks or adverse effects. The results of our study could inform the 
development of personalized medical treatments for SLD. By identifying individuals who may benefit most 
from increased dietary live microbe intake, healthcare providers could offer more precise recommendations 
for diet and supplementation. Furthermore, the potential for live microbes to be used as therapeutic agents in 
the treatment of SLD could be explored, with the possibility of developing probiotic-based therapies that target 
specific aspects of the disease pathophysiology.

This study represents the first investigation exploring the association between dietary live microbes intake 
and the risk of SLD in a large, representative sample of the US population. The data used in this study are 
derived from the NHANES, providing a sizable and representative sample size, with rigorous quality control and 
collection of high-quality clinical variables by trained personnel, ensuring the reliability of the results. However, 
several limitations in the current study were noted. Firstly, being a cross-sectional study, the observational nature 
of our investigation prohibits inference of the precise temporal trends and causality between dietary live microbes 
and SLD, necessitating further prospective RCT research for additional validation. Secondly, the lack of liver 
histological data in NHANES imposes inherent limitations on the use of the United States Fatty Liver Index (US 
FLI) as a non-invasive marker for SLD risk, potentially leading to misestimation of the actual disease prevalence 
of SLD. Nevertheless, a recent cross-sectional study in NHANES demonstrated the reliability of US FLI as a 
scoring system for diagnosing fatty liver patients51. The ease of implementation and widespread use of this non-
invasive technology in epidemiological studies in large populations gives it higher clinical applicability and has 
gained strong support from the European Association for the Study of the Liver (EASL)52. Thirdly, dependence 
on self-reported dietary intake and alcohol consumption data in NHANES introduces the possibility of recall 
and social desirability bias, and the use of a simplified universal approach to estimate the microbial quantity in 
food, defining microbiota levels (< 104, 104–107, and > 107 CFU/g), resulting in numeric imprecision and the lack 
of an established optimal dosage of dietary probiotic. Furthermore, the current analysis lacks specificity on the 
total number and types of dietary microbiota. Finally, despite our efforts to control for potential confounding 
variables, there may still be residual confounders such as stressors, genetic factors, medications, and especially 
antibiotic use can significantly alter the composition and function of the gut microbiota, which may play an 
important role in the development of MASLD. Particularly imperative to consider is that SLD encompasses a 
broad and highly heterogeneous spectrum of diseases, and future research needs to further delineate subtypes 
of the disease, study individual genetic backgrounds, lifestyles, and the interaction with their respective gut 
microbiota, and adopt more personalized intervention strategies.

Conclusion
Our study elucidated a significant association between a higher dietary intake of live microbes and a reduced risk 
of MASLD/ALD. These findings underscore the potential of dietary interventions as a modifiable risk factor for 
SLD, suggesting a promising avenue for public health strategies aimed at reducing the burden of this condition.

Data availability
The NHANES dataset is publicly available online, accessible at https://www.cdc.gov/nchs/nhanes/index.htm.
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