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Abstract

Background Nutrient interactions with the gut microbiome modulate the development of metabolic dysfunction-
associated steatotic liver disease (MASLD) and cardiovascular disease. The dietary index for gut microbiota (DI-GM)
is an innovative and comprehensive diet index to assess quality for health of gut microbiota.

Method This is a cohort study from the interview date to the date of death or the end of follow-up (December 31,
2019). Involving 13,390 participants in National Health and Nutrition Examination Survey (NHANES), including 3538
with MASLD and 9852 without MASLD. DI-GM was calculated using 14 foods and nutrients with clear positive or neg-
ative impacts on gut microbiota, and MASLD was assessed based on liver steatosis and cardiometabolic risk factors,
with all-cause and cardiovascular mortality determined through probabilistic matching and death certificate review.
Restricted Cubic Spline (RCS) analysis and Cox regression were palyed for the DI-GM-mortality correlation. Subgroup
analyses to identify the interactive factors that influence their relationship in MASLD. Six sensitivity analyses reinforced
findings.

Results MASLD participants exhibited lower DI-GM levels, which were statistically associated with higher mortality.
Each DI-GM unit increase in MASLD was associated with a 13% lower all-cause mortality (HR=0.87, 95% Cl 0.78-0.98)
and a 19.5% lower cardiovascular mortality (HR=0.805, 95% Cl 0.690-0.938). In advanced fibrosis MASLD, this increase
was linked to a 20% lower cardiovascular mortality risk (HR=0.800, 95% Cl 0.691-0.927). Age and prediabetes signifi-
cantly modified DI-GM's effect on mortality risk.

Conclusions The study revealed a significant inverse correlation between the DI-GM and all-cause/cardiovascular
mortality in patients with MASLD, which provide dietary suggestions and guidance for MASLD patients in preventing
early mortality. However, limitations such as the cross-sectional design, potential residual confounding, and popula-
tion-specific generalizability should be considered when interpreting these findings.

Keywords Metabolic dysfunction-associated steatotic liver disease, Dietary index for gut microbiota, Cardiovascular
mortality, All-cause mortality, Gut microbiota, National Health and Nutrition Examination Survey

*Correspondence:

JinLi

jinli807@126.com

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13098-025-01846-x&domain=pdf

Wau et al. Diabetology & Metabolic Syndrome (2025) 17:263

Page 2 of 17

Graphical abstract

Defination

DI-GM:

broccoli, chickpeas, coffee, cranberries, 2007-2018 (n=30786)
fermented dairy products, fiber, green tea,

soy, and whole grains.

d >19 year old participants from NHANES

Association between the dietary index for gut microbiota and all-cause/cardiovascular mortality in patients with

metabolic dysfunction-associated steatotic liver disease

Participants selection process

Result

RCS analysis

Excludede participants ~

>  with missing MASLD data g * Alinear association
 Detrimental components: red meat, UGS £ between DI-GM and the
processed meat, refined grains, and high-fat - i "SKd‘_’f all-caluse/ -
diets (constituting 240% of energy from fat) i o cardiovascular mortality
{ gD & ) 37s paripents wihicomplele) : in both non-MASLD and
1 I i L MASLD populations.
Excluded (n=601): oo
MASLD ) | 347 participants pregant;
17 participants without
eligible mortality data.
. Group HR(95%CI),P
Shicoss 13390 participants involved in the analysis COX analy5|s All-cause mortality s
Overall e ‘. 0.9(0.84,0.96), p=0.002
o Each DI-GM unit increase MASLD 0.87(0.78,0.98), p=0.02
TGIHDL e S ¢ in MASLD was associated ~ Sioreseutar merialty
I with a 13% lower all-cause Overall 0.83(0.73,0.94), p=0.003
MASLD mortality and a 19.5% lower REnED QLG 0D
@ PR e PR o ot o ey e RS
B os b s 2
=
.
Introduction [6]. It has been shown that MAFLD can be a better pre-

Metabolic dysfunction-associated steatotic liver disease
(MASLD), a common chronic liver disease, has grown
significantly over three decades, imposing a major health-
care burden [1-3]. In particular, its global prevalence
surged 50% from 2005 to 2020 and may affect half of the
US population by 2040 [4]. This new terminology was
developed from earlier concepts, such as Nonalcoholic
Fatty Liver Disease (NAFLD), which has limitations, as it
relies on exclusion criteria and fails to capture the under-
lying pathophysiology [5]. In 2020, Eslam et al. proposed
a new term, Metabolic Dysfunction-Associated Fatty
Liver Disease (MAFLD), which encompasses a spectrum
of liver diseases associated with metabolic disorders,
emphasizing the metabolic abnormalities underlying
fatty liver disease [5]. Nevertheless, concerns remain
regarding the heterogeneous etiology of MAFLD and the
potential stigmatizing language associated with its ter-
minology. Recently, through a Delphi consensus process
involving global experts, MASLD was recommended as
an alternative to MAFLD [5]. The change from NAFLD
to MAFLD/MASLD is not solely a nomenclature change,
but it is acquiring a more comprehensive scope over a
multi-organ metabolic dysfunction rather than a disease
solely associated to an abnormal liver ultrasound imaging

dictive and prognostic diagnosis compared to NAFLD in
cardiovascular adverse events [7]. MASLD’s diagnostic
criteria are less restrictive compared to MAFLD’s rigid
requirement of two metabolic risk factors, as it allows
the use of any single risk factor that is supported by eas-
ily accessible data [8]. Currently, cardiovascular mortality
has surpassed liver-related deaths as the leading cause of
mortality among patients with MASLD [9, 10]. MASLD
highlighting metabolic dysfunction and cardiovascu-
lar risks, expanding the scope to a broader population,
emphasizing cardiovascular risk factors, and providing
enhanced flexibility in assessing the risk of cardiovascular
disease (CVD), thus improving the awareness and man-
agement of CVD risk [8]. Despite prevalent use of out-
dated terms, this study adopts the new terminology.
MASLD represents a spectrum of liver diseases char-
acterized by hepatic steatosis (fat accumulation) driven
by metabolic dysfunction, independent of alcohol con-
sumption. Its pathogenesis involves a complex inter-
play of metabolic, inflammatory, environmental, and
dietary factors et al. [11]. While extensive understand-
ing has been gained regarding the dietary mechanisms
underlying MASLD, the role of the gut microbiota in its
pathogenesis remains poorly understood. The intestinal
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microbiome, an intricate ecosystem encompassing bac-
teria, archaea, fungi, and viruses, resides symbiotically
within the human body [12]. Notable alterations in the
gut microbiome and disruptions of the gut-liver axis
(GLA) contribute substantially to the pathogenesis of
human MAFLD [13]. Additionally, the gut microbiome
plays a multifaceted role in cardiovascular health, with
microbial dysbiosis acting as a common trigger in the
pathogenesis of both MAFLD and CVD [14, 15].Dietary
factors and alterations are pivotal in shaping the compo-
sition of the microbiota. MASLD is now known to have
both genetic and environmental risk factors. It has been
shown in the last 15 years that several gene variants are
closely associated with hepatosteatosis, the most impor-
tant of which being PNPLA3 [16]. Diet is one of the key
environmental risk factors influencing the development
of MASLD [17-19]. Therefore, the manipulation of
dietary habits to cultivate a healthy gut microbiota has
emerged as both effective and economical intervention
for MASLD patients. While numerous dietary indices
are currently available, their associations with indices of
gut microbiota diversity and richness are not uniform
[20-22].

To address this gap, Bezawit E. Kase and colleagues
developed the dietary index for gut microbiota (DI-GM)
through a systematic review of interventional and longi-
tudinal observational studies, identifying 14 food items
and nutrients that significantly influence the gut microbi-
ota [23]. The DI-GM comprises 4 detrimental ones (e.g.,
refined grains, and high-fat diets) and 10 beneficial foods
(e.g., fermented dairy products, fiber), which collectively
enhance alpha and beta diversity indices, increase con-
centrations of short-chain fatty acids (SCFAs) such as
butyrate and acetate, and modulate the Bacteroidetes-to-
Firmicutes ratio [24—26].

The DI-GM stands out as a scientifically robust and
innovative tool, offering a comprehensive and specific
assessment of diet-gut microbiota interactions. Impor-
tantly, the DI-GM fosters interdisciplinary collaboration,
bridging nutrition, microbiology, medicine, and epidemi-
ology to advance our understanding of diet-microbiota-
host interactions. Previous research has demonstrated
the broader implications of DI-GM, linking higher scores
to reduced biological age, lower incidence of depression,
and alleviation of specific symptoms, underscoring the
profound influence of a gut microbiota-health diet on
overall human health [27, 28].

Specifically, DI-GM incorporates key nutrients and
food components with well-defined mechanistic roles in
modulating gut microbiota and disease outcomes. For
example, Dietary fiber (e.g., from whole grains, vegeta-
bles, and fruits) acts as a prebiotic, promoting the growth
of Bifidobacterium and Lactobacillus while enhancing
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short-chain fatty acid (SCFA) production (e.g., butyrate,
acetate) [29, 30]. These SCFAs improve intestinal barrier
integrity, reduce systemic inflammation, and modulate
lipid metabolism, thereby mitigating hepatic steatosis
and cardiovascular risk [29, 30]. Fermented dairy prod-
ucts (e.g., yogurt, kefir) introduce probiotic strains that
restore microbial balance, suppress pathogenic bacteria,
and enhance anti-inflammatory cytokine production
[31, 32]. This dual action reduces gut permeability and
systemic endotoxemia, which are critical drivers of both
MASLD progression and CVD development [31, 32].
Polyphenol-rich foods (e.g., berries, tea, dark chocolate)
act as postbiotics, modulating microbial fermentation
patterns to increase SCFA production and reduce oxi-
dative stress. These effects are linked to improved insu-
lin sensitivity and reduced atherosclerosis risk [33, 34].
These mechanistic insights underscore the importance
of DI-GM in capturing diet-microbiota interactions that
directly influence MASLD and CVD outcomes.

Despite these advancements, the association between
DI-GM and mortality risk in MASLD patients remains
unexplored. Given the gut microbiome’s dual role in
the pathogenesis of MASLD and cardiovascular disease
(CVD), we hypothesize that DI-GM may serve as a piv-
otal indicator for mitigating mortality risk in this vulner-
able population. This study seeks to address this critical
gap by investigating the relationship between DI-GM and
all-cause/cardiovascular mortality in MASLD patients.
By doing so, it aims to provide evidence-based dietary
recommendations for maintaining gut microbiome sta-
bility and designing targeted interventions to counteract
the mortality risks associated with gut microbiota dys-
biosis in MASLD.

Method

Study participants

NHANES is a US health and nutrition survey of civilians,
combining interview and physical exam data. Methodol-
ogies are detailed in separate publications [35]. The sur-
vey includes demographics, socioeconomic factors, diet,
and health status. Approved by the National Center for
Health Statistics (NCHS) Ethics Board, the study adheres
to STROBE guidelines and used data from 2007 to 2018
cycles [36]. Pregnant individuals were excluded due to
the potential confounding effects of pregnancy on meta-
bolic and hepatic parameters, as well as the unique physi-
ological changes in the gut microbiome during gestation.
Participants with missing MASLD data were excluded
because the primary outcome of this study (MASLD sta-
tus) relies on accurate diagnosis via liver steatosis and
cardiometabolic risk factors. Incomplete data on these
key variables would compromise the validity of our anal-
ysis. The population was 30,786 individuals aged > 20,
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excluding pregnant individuals (n=347), those with
missing MASLD data (n=17,032), or inadequate follow-
up (n=17), leaving a final sample of 13,390 (9852 non-
MASLD, 3538 MASLD) (Fig. 1).

Definition of DI-GM

Drawing from the research conducted by Kase et al,
a total of 14 food items or nutrients were identified
as constituent elements of the DI-GM [23]. These
included avocados, broccoli, chickpeas, coffee, cranber-
ries, fermented dairy products, fiber, green tea, soy, and
whole grains, categorized as beneficial components. In
contrast, red meat, processed meat, refined grains, and
high-fat diets (constituting>40% of energy from fat)
were classified as detrimental components. The DI-GM
scoring system employs gender-specific medians to
account for inherent differences in dietary patterns,
nutrient metabolism, and gut microbiota composition
between males and females. Studies have shown that
sex differences influence dietary intake (e.g., protein,
fiber, and fat consumption) and microbial diversity,
which may affect the relationship between diet and dis-
ease outcomes [37, 38]. Using gender-specific medians
to reduce potential confounding and improve the accu-
racy of DI-GM as a proxy for gut microbiota health
in each sex. For beneficial foods, participants whose
intake exceeded the gender-specific median were
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assigned a score of 1, whereas those with intake below
the median received a score of 0. Conversely, for detri-
mental foods, a score of 0 was assigned to participants
with intake above the gender-specific median, and a
score of 1 to those with intake below the median. The
DI-GM score was computed by summing the scores
from each component, resulting in a range of 0 to 14.

Definition of MASLD and advanced fibrosis

Fatty liver index (FLI) score>60 is diagnosed as stea-
totic liver disease (SLD) [39, 40]. Participants with were
excluded adhering to the Delphi procedure to meet
the diagnostic criteria for MASLD. Finally, MASLD
is defined as SLD that is co-existent with at least one
cardiometabolic risk factor. Exclusion criteria and car-
diometabolic risk factor were provided in the Supple-
mentary Methods.

For the assessment of advanced fibrosis, we utilized
three non-invasive scoring systems: the NAFLD fibrosis
score (NFS), the fibrosis-4 (FIB4) score, and the aspar-
tate aminotransferase to platelet ratio index (APRI). A
patient was considered to have advanced fibrosis if at
least one of these scores indicated a high probability of
advanced fibrosis. The specific cut-off values for these
scores were provided in the Supplementary Methods
[41].
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Outcomes and covariates

NHANES data were linked to the National Death Index
(NDI) to determine survival status through probabilistic
matching and death certificate review, which can calcu-
late all-cause and cardiovascular mortality. Causes of
death were categorized using the Tenth Revision of the
International Classification of Diseases (ICD-10). All-
cause mortality was defined as deaths occurring due to
any etiology. Cardiovascular mortality was defined as
fatalities resulting from primary cardiovascular disorders
(e.g., ischemic heart disease, heart failure) and cerebro-
vascular events, categorized under ICD-10 codes 100—
109, 111, 113, 120-I51, and 160-169. The time to event,
measured in months, was computed from the date of the
NHANES interview to the date of death or the conclu-
sion of follow-up (December 31, 2019), whichever came
first.

In addition to the primary outcomes, a comprehensive
set of potential confounding factors was gathered and
included as covariates in the analysis. These covariates
encompassed age, sex, race/ethnicity, education level,
marital status, poverty income ratio (PIR), presence of
prediabetes mellitus (preDM), history of CVD, and can-
cer, as well as measures of energy intake, physical activ-
ity and alcohol consumption. Alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) as well-
established markers of hepatocellular injury and hepatic
inflammation, which are central to the pathophysiology
of MASLD [42].

Detail definitions of these covariates was shown in the
Supplementary Methods.

Statistical analyses
To uphold NHANES analysis integrity, we adhered to
NCHS weighting guidelines. We calculated weighted
means (+standard deviation [SD]) for continuous vari-
ables and assessed the frequency (proportions) for cate-
gorical variables, utilizing weighted t-tests and chi-square
tests accordingly. We utilized RCS analysis to visualize
DI-GM-mortality linear association while adjusting for a
multitude of potential covariates. The knot placement in
the RCS curves was determined through the minimiza-
tion of Akaike’s Information Criterion (AIC) [43].
Furthermore, we used Cox regression to estimate
mortality risk ratios, reporting hazard ratios (HR) with
95% confidence intervals (CI) and tested the assump-
tion of proportional hazards using Schoenfeld residu-
als. We adjusted for confounders in a three-model
stepped approach: Model 1 remained unadjusted;
Model 2 incorporated adjustments for age, sex, race/
ethnicity, education level, marital status, and PIR levels;
while Model 3 further adjusted preDM, history of CVD
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and cancer, energy intake, physical activity, ALT, AST,
and alcohol consumption. Missing data were handled
using multiple imputation techniques to maintain the
integrity of the dataset [44].

Subgroup analyses, incorporating multiplicative
interaction terms, were carried out to investigate
whether the associations between the DI-GM and all-
cause/cardiovascular mortality were modified by varia-
bles such as sex, age (<40 or >40 years), race/ethnicity,
education level, marital status, PIR levels, preDM, his-
tory of CVD, history of cancer, energy intake (<2400
or>2400 kcal), and physical activity (<200 or>200
METs-hour/week). To evaluate the robustness of our
results, 6 sensitivity analyses were conducted. Sensitiv-
ity assessments were conducted exclusively based on
model 3. Detail process was shown in the Supplemen-
tary Methods. All statistical analyses were performed
using R software version 4.1.2, and a two-tailed P value
with a significance level of 0.05 was used for all statisti-
cal tests to determine significance.

Result

Baseline characteristics and comparative analyses
Supplementary Table S1 presents the baseline character-
istics of the 13,390 participants enrolled in the study. Par-
ticipants were categorized into two groups based on their
survival status: Survivor group (n=12,219) and non-
Survivor group (n=1171). It was found that, compared
to the Survivor group, the non-Survivor group exhib-
ited a lower DI-GM score (Survivors vs non-Survivors:
5.12+0.03 vs 4.95+0.07, p=0.009). Additionally, a higher
prevalence of MASLD was observed in the non-Survivor
group (Survivors vs non-Survivors: 25.33% vs 31.82%,
p=0.001).

To further investigate the demographic characteris-
tics of MASLD patients, participants were divided into
two subgroups: MASLD (n=3538, 26.4%) and non-
MASLD (n=9852, 73.6%). The results are presented in
Table 1. It showed that compared to non-MASLD par-
ticipants, MASLD patients were more likely to be male,
non-Hispanic white, married, older, and have a lower
educational level. They also more frequently had comor-
bidities such as cancer and CVD, a history of preDM, and
engaged in less physical activity. Importantly, MASLD
patients exhibited a lower DI-GM score (non-MASLD
vs MASLD: 5.15+0.03 vs 5.00+0.04, p=0.002) and had
a higher mortality (non-MASLD vs MASLD: 5.66%vs
7.62%, p=0.001). Among all causes of death, cardiovas-
cular mortality was the most common, with a higher
incidence in the MASLD group compared to the non-
MASLD group (non-MALSD vs MASLD: 25.31%vs
33.74%, p<0.001).
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Table 1 Weighted sample characteristics of non-MASLD and MASLD participants in NHANES 2007-2018
Variable Total Non-MASLD (n=9852) MASLD (n=3538) P-value
DI-GM?® 5.11(0.03) 5.15(0.03) 5.00 (0.04) 0.002
Causes of mortality® <0001
Cancer-specific deaths 302 (1.67) 206 (27.12) 96 (27.23)
Cardiovascular-specific deaths 342 (1.73) 222 (25.31) 120 (33.74)
Diabetes-specific deaths 51(0.25) 22 (2.40) 29 (7.67)
Other 476 (2.51) 359 (45.17) 117 (31.35)
Non-survivors® 1171 (6.16) 809 (5.66) 362 (7.62) 0.001
Sex? <0007
Female 6808 (51.01) 5088 (52.67) 1720 (46.22)
Male 6582 (48.99) 4764 (47.33) 1818 (53.78)
Age (years)?® 4791 (0.26) 46.19(0.31) 52.88(0.37) <0.0001
Race and ethnicity® 0.004
Mexican American 2073 (8.53) 1485 (8.62) 588 (8.28)
Non-Hispanic Black 2663 (10.26) 1935 (10.26) 728 (10.25)
Non-Hispanic White 5666 (67.93) 4097 (67.12) 1569 (70.27)
Other Race 2988 (13.28) 2335 (14.01) 653 (11.20)
Education level? 0.002
High school or more 10,750 (86.25) 7979 (87.00) 2771 (84.24)
Less than high school 2628 (13.71) 1861 (13.00) 767 (15.76)
Marital status® <0.0001
Married 7908 (61.28) 5541 (58.26) 2367 (70.03)
Unmarried 5480 (38.70) 4310 (41.74) 1170 (29.97)
Poverty income ratio level® 0.23
Middle 3677 (39.63) 2757 (42.91) 920 (41.17)
High 3865 (19.87) 2829 (21.46) 1036 (20.80)
Low 4680 (33.82) 3432 (35.63) 1248 (38.03)
preDM® <0.0001
No 8(39.33) 3981 (45.51) 637 (21.50)
Yes 5890 (44.34) 4254 (42.79) 1636 (48. 81)
DM 2882 (16.33) 1617 (11.70) 1265 (29.69)
History of CvDP 1495 (9.10) 936 (7.49) 559 (13.75) <0.0001
History of Cancer® 1237 (9.74) 828 (9.05) 409 (11.77) 0.001
Energy intake, kcal/d? 217555 (11.49) 218749 (13.27) 2141.08 (22. 39) 0.08
Physical Activity, h/wk? 4840.02 (105. 39) 4959.08 (110.39) 4456.37 (195.09) 0.01
ALT, u/L® 25.20(0.19) 24.28 (0.24) 27.85(0.31) <0.0001
AST, U/L® 0(0.17) 25.07 (0.21) 9(0.30) 0.75
Alcohol consumption, g/d? 91 (0.34) 10.86 (0.44) 340 (0.23) <0.0001

2 Weighted mean value (+ standard deviation [SD])

b Frequencies (proportions) as appropriate

DI-GM dietary index for gut microbiota, MASLD metabolic dysfunction-associated steatotic liver disease, Non-MASLD without MASLD, preDM prediabetes mellitus, DM
diabetes mellitus, CVD cardiovascular disease, ALT alanine aminotransferase, AST aspartate aminotransferase

Association between DI-GM and all-cause/cardiovascular
mortality outcomes of adults with MASLD

To delve deeper into the correlation between the DI-GM
and all-cause/ cardiovascular mortality, we employed
Restricted Cubic Spline (RCS) analysis to visually rep-
resent the relationship between DI-GM and all-cause/
cardiovascular mortality (Fig. 2). The findings indicated

a clear linear association between DI-GM and the risk
of all-cause/cardiovascular mortality in both the non-
MASLD and MASLD populations (non-linear P>0.05).
Additionally, we compared the fit of a linear model
(DI-GM as a linear term) and an RCS model (DI-GM
as a restricted cubic spline with 3 knots). The linear
model had a lower AIC compared to the RCS model
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Fig. 2 Analysis of the association between DI-GM and all-cause/cardiovascular mortality by MASLD status in participants in NHANES 2007-2018
using the RCS. A All-cause mortality. B Cardiovascular mortality. Hazard ratios (solid lines) and 95% confidence intervals (shaded areas) were
estimated in model 3. DI-GM dietary index for gut microbiota, MASLD metabolic dysfunction-associated steatotic liver disease, Non-MASLD

without MASLD, RCS restricted cubic spline

(All-cause mortality: Liner model=20,978.36, RCS
model=20,974.82; Cardiovascular mortality: Liner
model=6088.961, RCS model=6088.032), suggesting
that the linear relationship is sufficient.

Subsequent cox proportional hazard models, con-
ducted across three distinct models, were used to fur-
ther examine the influence of DI-GM on all-cause and
cardiovascular mortality (Fig. 3). The adjusted analysis
demonstrated that the global p-value of the Schoenfeld
residuals exceeded 0.05, implying that the proportional
hazards assumption was satisfied (Figure S1). The analy-
ses revealed a significant inverse correlation between an
increase in DI-GM and a decrease in the risk of all-cause
and cardiovascular mortality in both the presence and
absence of MASLD. Notably, in Model 3, the reduction
in all-cause and cardiovascular mortality risk was more
pronounced among MASLD with higher DI-GM, com-
pared to non-MASLD (all-cause mortality, HR=0.87,
95% CI=0.78 to 0.98, p=0.02; cardiovascular mortality,
HR=0.805, 95% CI=0.690 to 0.938, p=0.005). Specifi-
cally, each unit increase in DI-GM was associated with
a 13% decrease in the risk of all-cause mortality and a
19.5% decrease in the risk of cardiovascular mortality.

All-cause/cardiovascular mortality associated with DI-GM
in MASLD with advanced fibrosis

To ascertain the association between the DI-GM and
all-cause/cardiovascular ~mortality ~within MASLD
with advanced fibrosis. we further identified individu-
als at advanced fibrosis using the FIB4, NFS, and AIRP

scoring systems (Table 2). Result uncovered a marked
inverse association between the DI-GM and cardiovas-
cular mortality specifically in MASLD at advanced fibro-
sis (Model 1, HR=0.87, 95% CI=0.78-0.98, p=0.02;
Model 2, HR=0.86, 95% CI=0.77-0.97, p=0.01; Model
3, HR=0.800, 95% CI=0.691-0.927, p=0.003), while
no such correlation was observed with all-cause mortal-
ity (p>0.05). Notably, each unit increase in DI-GM was
associated with a 20% reduction in the risk of cardiovas-
cular mortality.

Subgroup analyses and sensitivity analysis

To investigate the impact of the DI-GM on mortality
within different subgroups of MASLD participants, we
conducted subgroup analyses (Figs. 4, 5). The results
indicated that age and preDM played significant roles in
the relationship between DI-GM and mortality. Specifi-
cally, a significant inverse association between DI-GM
and all-cause mortality was observed only in par-
ticipants under the age of 40 (age <40, HR=0.67, 95%
CI=0.51 to 0.89, p=0.006; p for interaction =0.043). In
participants aged 40 years or older, higher DI-GM was
more strongly associated with a reduced risk of cardio-
vascular mortality (age <40, HR=0.89, 95% CI=0.80
to 0.997, p=0.044; age >40, HR=0.6, 95% CI=0.44 to
0.81, p=0.001; p for interaction=0.014). Among indi-
viduals with different preDM states, DI-GM was sig-
nificantly inversely associated with all-cause mortality
only in those without diabetes (non-preDM, HR=0.78,
95% CI=0.59 to 0.98, p=0.03; preDM, HR=0.87, 95%
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Group HR (95%CID),P
All-cause mortality i
Model 1 :
Overall - : 0.93(0.89,0.97), p<0.001
Non-MASLD L : 0.92(0.87,0.97), p=0.004
MASLD '—.-:" 0.96(0.9,1.02), p=0.18
Model 2 :
Overall = 0.92(0.88,0.96), p<0.001
Non-MASLD . : 0.91(0.86,0.97), p=0.006
MASLD l—.—q' 0.93(0.87,0.995), p=0.04
Model 3 :
Overall —— | 0.9(0.84,0.96), p=0.002
Non-MASLD -—0—‘[ 0.91(0.84,0.997), p=0.04
MASLD —— : 0.87(0.78,0.98), p=0.02
Cardiovascular mortality 1
Model 1 :
Overall i1 : 0.89(0.83,0.95), p<0.001
Non-MASLD -—.—: 0.89(0.81,0.99), p=0.03
MASLD —— 0.89(0.8,0.99), p=0.03
Model 2 :
Overall A : 0.86(0.8,0.93), p<0.0001
Non-MASLD —— : 0.85(0.76,0.95), p=0.006
MASLD s | 0.87(0.78,0.98), p=0.02
Model 3 :
Overall —y— : 0.83(0.73,0.94), p=0.003
Non-MASLD '—'.—': 0.83(0.7,0.98), p=0.03
MASLD el | (.805(0.69,0.938), p=0.005

Fig. 3 Association between DI-GM and all-cause/cardiovascular mortality. Model 1 remained unadjusted; Model 2 adjusted for age, sex, race/
ethnicity, education level, marital status, and PIR levels; Model 3 further adjusted for preDM, history of CVD and cancer, energy intake, physical
activity, ALT, AST, and alcohol consumption. DI-GM dietary index for gut microbiota, MASLD metabolic dysfunction-associated steatotic liver disease,
Non-MASLD without MASLD, preDM prediabetes mellitus, DM diabetes mellitus, CVD cardiovascular diseases, ALT alanine aminotransferase, AST

aspartate aminotransferase, HR hazard ratios, C/ confidence interval

Table 2 Association between the DI-GM and all-cause/ cardiovascular mortality within MASLD with advanced fibrosis

Model 1 Model 2 Model 3

HR (95%Cl) P HR (95%Cl) P HR (95%Cl) P
All-cause 0.96 (0.89,1.03) 0.21 0.94(0.88,1.01) 0.09 0.89(0.79,1.01) 0.07
Cardiovascular cause 0.87 (0.78,0.98) 0.02 0.86(0.77,0.97) 0.01 0.800 (0.691,0.927) 0.003

Model 1 remained unadjusted; Model 2 adjusted for age, sex, race/ethnicity, education level, marital status, and PIR levels; Model 3 further adjusted for preDM, history
of CVD and cancer, energy intake, physical activity, ALT, AST, and alcohol consumption

DI-GM dietary index for gut microbiota, MASLD metabolic dysfunction-associated steatotic liver disease, Non-MASLD without MASLD, preDM prediabetes mellitus, DM
diabetes mellitus, CVD cardiovascular diseases, ALT alanine aminotransferase, AST aspartate aminotransferase, HR hazard ratios, C/ confidence interval

CI=0.76 to 0.998, p=0.047; p for interaction=0.02),
while the inverse association with cardiovascular mor-
tality was observed only in preDM (HR=0.81, 95%
CI=0.70 to 0.94, p=10.006; p for interaction =0.04).

To validate the robustness of our findings, we con-
ducted 6 sensitivity analyses (Table 3). In all sensitivity
analyses, the negative association between DI-GM and
all-cause/cardiovascular mortality remained signifi-
cant, demonstrating the robustness of our results.

Discussion

This study innovatively identified a significant inverse
association between an elevated DI-GM and the risk
of all-cause and cardiovascular mortality, with par-
ticularly pronounced effects observed in participants
with MASLD. Specifically, for every one-unit increase
in DI-GM, there was a 13% reduction in the risk of all-
cause mortality and a 19.5% reduction in the risk of
cardiovascular mortality. Moreover, a more marked



Wau et al. Diabetology & Metabolic Syndrome (2025) 17:263 Page 9 of 17

Group HR (95% I1C),P P for interaction
Sex , 0.29
Female —— 1.01(0.78,1.3), p=0.95
Male '-.—ﬂ: 0.85(0.72,0.99), p=0.04
Age : 0.043
<40 yrs iy : 0.67(0.51,0.89), p=0.006
>40 yrs . 0.97(0.86,1.1), p=0.6
Race and ethnicity : 0.82
Mexican American  —@—| 0.65(0.44,0.95), p=0.03
Non-Hispanic White -.-:- 0.9(0.78,1.04), p=0.14
Non-Hispanic Black '—.-E—' 0.89(0.55,1.45), p=0.62
Other Race '—q—| 0.97(0.7,1.33), p=0.83
Education level | 0.73
High school or more ' 0.91(0.8,1.03), p=0.14
Less than high school  —@—r— 0.79(0.55,1.12), p=0.17
Marital status E 0.54
Married -.-‘I 0.87(0.76,0.999), p=0.048
Unmarried —— 0.95(0.75,1.2), p=0.66
History of CVD . 0.84
No 2 0.88(0.77,0.999), p=0.048
Yes —— 0.93(0.76,1.14), p=0.48
Poverty income ratio : 0.1
Middle -—',—- 1.02(0.84,1.23), p=0.87
High ——— 0.84(0.61,1.14), p=0.26
Low s 0.74(0.57,0.95), p=0.02
Energy intake : 0.45
<2400 kcal/d l-.-:l 0.92(0.81,1.03), p=0.14
> 2400 kcal/d '-.—'i 0.81(0.67,0.98), p=0.03
Physical Activity : 0.92
<200 h/wk -—.JI—- 0.91(0.52,1.57), p=0.69
>200 h/wk - 0.89(0.8,1), p=0.06
History of cancer : 0.64
No - 0.88(0.76,1.01), p=0.06
Yes -.—ll 0.81(0.67,0.99), p=0.04
preDM E 0.02
No '—.—1: 0.76(0.59,0.98), p=0.03
Yes = o 0.87(0.76,0.998), p=0.047
DM .- 1.06(0.97,1.15), p=0.22
2 -1 0 1 2 3 4

Fig. 4 Subgroup analysis of the association between DI-GM and all-cause mortality in MASLD. Each subgroup adjusted for all factors in model 3
except the stratification factor itself. DI-GM dietary index for gut microbiota, MASLD metabolic dysfunction-associated steatotic liver disease, preDM
prediabetes mellitus, DM diabetes mellitus, CVD cardiovascular diseases

negative correlation between DI-GM and cardiovascular
mortality was detected in MASLD with advanced fibro-
sis. Subgroup analyses revealed interactions between

DI-GM and the risk of all-cause/cardiovascular mortality,
including age and prDM status. Upon stratifying by age,
a significant negative correlation between the DI-GM



Wau et al. Diabetology & Metabolic Syndrome (2025) 17:263 Page 10 of 17

Group HR (95% IC),P P for interaction
Sex . 0.82
Female 8 0.78(0.61,0.998), p=0.048
Male -.-:- 0.83(0.66,1.04), p=0.1
Age i 0.014
<40 yrs HH 0.89(0.8,0.997), p=0.044
>40 yrs e 0.6(0.44,0.81), p=0.001
Race and ethnicity : 0.26
Mexican American -—.—': 0.49(0.24,0.98), p=0.04
Non-Hispanic White l-.:-l 0.96(0.83,1.11), p=0.58
Non-Hispanic Black : L . 1.17(0.003,1.63), p=0.19
Other Race '—.—f—' 0.76(0.5,1.15), p=0.33
Education level : 0.43
High school or more o, 0.8(0.68,0.95), p=0.01
Less than high school l—.:—l 0.91(0.58,1.42), p=0.67
Marital status E 0.73
Married -.—:- 0.84(0.69,1.02), p=0.07
Unmarried —— 0.6(0.39,0.93), p=0.02
History of CVD . 0.61
No . 0.84(0.71,0.99), p=0.04
Yes -—.—:—- 0.78(0.57,1.07), p=0.12
Poverty income ratio E 0.04
Middle —— 0.9(0.67,1.19), p=0.45
High oL 0.81(0.61,1.08), p=0.15
Low —— 0.55(0.36,0.84), p=0.007
Energy intake : 0.2
<2400 kcal/d - i 0.78(0.65,0.93), p=0.007
> 2400 kcal/d l—Q:—l 0.95(0.57,1.58), p=0.83
Physical Activity . 0.57
<200 h/wk —— 0.55(0.31,0.97), p=0.04
>200 h/wk - 0.84(0.72,0.98), p=0.02
History of cancer : 0.26
No -—I.—| 1.03(0.69,1.54), p=0.87
Yes -.-: 0.79(0.66,0.95), p=0.01
preDM i 0.04
No —-@——1.14(0.77,1.66), p=0.51
Yes = 0.81(0.7,0.94), p=0.006
DM - 1.02(0.87,1.2), p=0.8
3 2 -1 0 1 2 3 4

Fig. 5 Subgroup analysis of the association between DI-GM and cardiovascular mortality in MASLD. Each subgroup adjusted for all factors in model
3 except the stratification factor itself. DI-GM dietary index for gut microbiota, MASLD metabolic dysfunction-associated steatotic liver disease,
preDM prediabetes mellitus, DM diabetes mellitus, CVD cardiovascular diseases

and all-cause mortality was observed solely within the negative correlation between DI-GM and all-cause mor-
MASLD patients aged below 40 years. In contrast, among tality was found only in participants (included preDM)
patients over the age of 40, the negative correlation without diabetes mellitus (DM), whereas a higher
between the DI-GM and cardiovascular mortality was DI-GM score was associated with a significant reduc-
more pronounced. In terms of prDM status, a significant  tion in cardiovascular mortality risk in those with prDM.
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Table 3 Sensitivity analyses of the association between DI-GM
and cardiovascular mortality

HR (95% ClI) P

Sensitivity analysis 1

All-cause mortality 0.85 (0.75, 0.95) 0.004

Cardiovascular-cause mortality 0.78 (0.66, 0.92) 0.004
Sensitivity analysis 2

All-cause mortality 0.875 (0.768, 0.997) 0.046

Cardiovascular-cause mortality 0.848 (0.720,0.999) 0.048
Sensitivity analysis 3

All-cause mortality 0.87(0.78,0.97) 0.02

Cardiovascular-cause mortality 0.81(0.69,0.94) 0.01
Sensitivity analysis 4

All-cause mortality 0.86 (0.75, 0.99) 0.03

Cardiovascular-cause mortality 0.77 (063, 0.95) 0.02
Sensitivity analysis 5

All-cause mortality 0.86 (0.75, 0.99) 0.03

Cardiovascular-cause mortality 0.77 (0.63, 0.95) 0.02
Sensitivity analysis 6

All-cause mortality 0.89(0.83,0.97) 0.01

Cardiovascular-cause mortality 0.80(0.70,0.92) 0.001

Sensitivity analysis 1: Excluded participants aged > 80 years in the overall
population. Sensitivity analysis 2: Excluded individuals with a history of
cardiovascular disease. Sensitivity analysis 3: Excluded individuals with a history
of cancer. Sensitivity analysis 4: Excluded participants who died within two years
post-interview. Sensitivity analysis 5: Examined adults interviewed between
2007 and 2016. Sensitivity analysis 6: Examined a broader population by using a
FLI>30 as a diagnostic criterion for SLD

DI-GM Dietary index for gut microbiota, MASLD Metabolic dysfunction-
associated steatotic liver disease, HR Hazard ratios, C/ Confidence interval, FL/
Fatty liver index, SLD Steatotic liver disease

Alternatively, six sensitivity analyses further validated the
robustness of our findings.

MASLD is a well-established independent risk factor
for mortality, with growing evidence highlighting CVD
as a predominant concern in this population [45]. Nota-
bly, MASLD patients face a substantially higher risk of
CVD-related mortality compared to liver-related mortal-
ity [46, 47]. Consistent with this, our study revealed that
the mortality rate among MASLD participants was sig-
nificantly elevated compared to non-MASLD individuals
(MASLD vs. non-MASLD: 7.62% vs. 5.66%, p=0.001).
Strikingly, cardiovascular mortality represented the lead-
ing cause of death in MASLD patients, accounting for
33.74% of all deaths. This phenomenon can be attributed
to shared pathophysiological mechanisms, including
insulin resistance (IR), endothelial dysfunction, oxidative
stress (OS), systemic inflammation, dysregulated lipo-
protein metabolism, increased thrombogenicity, ectopic
fat deposition, and gut microbiota dysbiosis [46, 48, 49].
These interconnected pathways underscore the intricate
relationship between MASLD and CVD, emphasizing
the need for targeted interventions. Given the profound
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impact of MASLD on cardiovascular health and overall
mortality, there is an urgent imperative to identify and
implement daily interventions capable of mitigating these
risks.

Dietary indices serve as invaluable tools for character-
izing dietary patterns based on dietary assessment data
[50, 51]. Among these, the DI-GM, developed by Beza-
wit E. Kase and colleagues, represents a groundbreaking
advancement. DI-GM uniquely captures the beneficial or
detrimental effects of dietary components on gut micro-
biota, as evidenced by changes in microbial diversity
indices, short-chain fatty acid (SCFA) production, and
the abundance of specific bacterial species [23].

In this study, the correlation between DI-GM and
indirect biomarkers of gut microbiota diversity pro-
vides compelling evidence of reduced microbial diver-
sity in MASLD patients. Notably, our findings reveal
that DI-GM were significantly lower in MASLD patients
compared to non-MASLD individuals, suggesting that
MASLD patients exhibit a diminished capacity to main-
tain a healthy gut microbiome through their regular die-
tary intake. This observation aligns with a robust body of
prior research highlighting systemic pathological altera-
tions in the gut microbiota of MASLD patients [52, 53].
For instance, a recent systematic review demonstrated
that MASLD patients exhibit reduced alpha diversity,
decreased populations of beneficial genera such as Cop-
rococcus, Faecalibacterium, and Ruminococcus genera,,
and an overgrowth of Escherichia compared to healthy
controls [54].

Furthermore, a distinct microbial signature, particu-
larly the prominence of Faecalibacterium prausnitzii,
has been identified as uniquely associated with MASLD
in human studies [55]. Mechanistically, the bidirectional
communication between the gut microbiota and the
liver, termed the "gut-liver axis" (GLA), plays a pivotal
role in the pathogenesis and progression of MASLD [56,
57]. Collectively, these studies, along with our findings,
underscore the critical role of gut microbiota in the mor-
tality process of MASLD patients.

Dietary nutrients exert profound effects on MASLD
by modulating gut microbiota diversity, altering the
Bacteroidetes-to-Firmicutes ratio, and promoting the
growth of beneficial microbial species [58]. Fiber, a key
beneficial dietary component included in DI-GM, has
been shown to enhance gut microbes that metabolize
choline, thereby reducing its bioavailability and gener-
ating metabolites such as trimethylamine [59, 60]. Con-
versely, a fiber-deficient diet leads to mucin-degrading
bacteria overgrowth, compromising mucosal thickness
[61, 62]. DI-GM further distinguishes itself from other
dietary indices by incorporating fermented dairy prod-
ucts as a unique component. These products, including
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yogurt, cheese, and kefir, are rich in lactobacilli and
lactic acid, which have been scientifically validated to
increase the abundance of Lactobacillus species within
the gut microbiota [63]. Recent evidence highlights that
fermented dairy products, particularly yogurt, are more
effective than non-fermented dairy in reducing liver fat
and improving metabolic risk biomarkers [64]. On the
other hand, high-fat diets, recognized as detrimental die-
tary components in DI-GM, disrupt the gut microbiome,
impair intestinal and vascular barriers, promote bacte-
rial translocation, and exacerbate systemic inflammation
and metabolic dysregulation [65]. The liver, being highly
exposed to portal systemic products, is particularly vul-
nerable to these effects. High-fat diets are also associ-
ated with elevated levels of lipopolysaccharides (LPS), a
known risk factor for MASLD [66]. Consistent with these
findings, our study demonstrates that improving DI-GM
scores in MASLD patients is associated with a significant
reduction in all-cause mortality. These results underscore
the critical importance of dietary interventions that tar-
get gut microbiota modulation as a strategy to enhance
survival outcomes in MASLD patients.

This study further revealed that higher DI-GM scores
in MASLD patients are associated with lower cardio-
vascular mortality. Mechanistically, gut microbiota plays
a pivotal role in this process by converting dietary cho-
line and L-carnitine into trimethylamine (TMA), which
is subsequently oxidized in the liver to form trimethyl-
amine N-oxide (TMAQO). TMAO has been implicated in
endothelial dysfunction and is strongly associated with
cardiovascular risks such as atherosclerosis and myo-
cardial infarction [14, 67]. Additionally, systemic inflam-
mation triggered by gut dysbiosis and the translocation
of microbial products exacerbates endothelial dysfunc-
tion and accelerates atherosclerosis, both of which are
central to the pathogenesis of cardiovascular disease
(CVD) [15]. Furthermore, microbial metabolites, includ-
ing short-chain fatty acids (SCFAs) and bile acids, influ-
ence blood pressure regulation and vascular health,
further underscoring the gut microbiota’s role in cardio-
vascular outcomes [30]. These findings, combined with
our research, highlight the critical importance of a gut
microbiota-healthy diet, as quantified by DI-GM, in miti-
gating cardiovascular mortality among MASLD patients.
By modulating gut microbiota composition and function,
dietary interventions can address the underlying mecha-
nisms linking gut dysbiosis to cardiovascular risks, offer-
ing a promising avenue for improving clinical outcomes.

Dysbiosis of the gut microbiota in MASLD is a key
driver of increased liver fibrosis, and as liver disease pro-
gresses to advanced stages, the risk of cardiovascular
disease (CVD) becomes significantly elevated [53, 68].
Our findings underscore this relationship, revealing a
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particularly strong association between the DI-GM and
mortality in MASLD patients with advanced fibrosis,
especially those at high risk of cardiovascular events. This
suggests that the interplay between gut microbiota dys-
biosis, liver fibrosis, and cardiovascular health is a critical
axis in the pathophysiology of MASLD. In light of these
insights, we propose that dietary interventions aimed at
enhancing gut microbiota health should be prioritized
for MASLD patients with advanced fibrosis and elevated
cardiovascular risk. Such targeted dietary modifications,
guided by the DI-GM, have the potential to significantly
improve cardiovascular outcomes. By addressing the gut-
liver-heart axis, this approach offers a holistic strategy to
reduce mortality in this high-risk population.

The global prevalence of MASLD is on a concerning
upward trajectory, with the most pronounced increase
observed among individuals under the age of 40 [45].
Our subgroup analyses revealed that younger MASLD
patients (under 40 years) can more effectively reduce
their risk of all-cause mortality by improving their
DI-GM through targeted dietary modifications, thereby
promoting gut microbiota stability. In contrast, for
patients over 40, an elevated DI-GM was more strongly
associated with a reduction in cardiovascular mortal-
ity risk. From a mechanistic perspective, the regen-
erative capacity of liver cells in younger individuals is
relatively stronger [69]. Higher DI-GM score may exert
hepatoprotective effects by modulating gut microbiota
composition, thereby creating a more favorable micro-
environment for liver function. This could promote
hepatic cell repair and regeneration [70]. For instance,
metabolites produced by certain beneficial bacteria may
stimulate hepatic cell proliferation, alleviate steatosis
and fibrosis, and reduce the risk of complications arising
from progressive liver disease, ultimately lowering all-
cause mortality [70]. Furthermore, the immune system in
younger populations is more active and sensitive. Higher
DI-GM scores may enhance the interaction between gut
microbiota and the immune system, activating beneficial
immune components such as T and B cells. This could
enhance the secretion of anti-inflammatory cytokines by
immune cells, thereby reducing all-cause mortality [71,
72]. However, with aging, the elasticity and function of
vascular walls progressively decline [73]. Higher DI-GM
scores may confer vascular protective effects by modu-
lating gut microbiota to produce beneficial metabolites,
such as SCFAs [74]. These SCFAs can act on vascular
endothelial cells, enhancing endothelial function, increas-
ing vascular elasticity, and reducing vascular resistance
[74]. Improved vascular function may mitigate the risk of
cardiovascular diseases, thereby lowering cardiovascular
mortality [75]. Moreover, older individuals often exhibit
dyslipidemia and chronic low-grade inflammation, which
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are critical risk factors for cardiovascular diseases [76,
77]. Higher DI-GM scores may alleviate these risks by
regulating gut microbiota to modulate lipid absorption
and metabolism, while simultaneously suppressing the
activation of inflammatory signaling pathways [77]. This
age-dependent association underscores the importance
of tailoring dietary strategies to the unique physiologi-
cal and microbial profiles of different age groups. For
younger patients, interventions focused on enhancing
gut microbiota diversity and stability may offer a proac-
tive approach to mitigating long-term health risks. For
older patients, dietary modifications that specifically tar-
get cardiovascular risk factors through gut microbiota
modulation could provide significant clinical benefits.
These insights not only emphasize the critical role of the
gut-liver axis in MASLD progression but also pave the
way for personalized, age-stratified nutritional strategies
to improve outcomes across the lifespan.

Subgroup analyses further illuminated that the predia-
betes (preDM) status of patients significantly modulates
the efficacy of the DI-GM in reducing mortality risk.
Specifically, while DI-GM was more effective in lower-
ing overall mortality risk in non-diabetic patients, elevat-
ing the DI-GM in prediabetic patients demonstrated a
stronger association with reducing cardiovascular mor-
tality. This differential effect underscores the complex
interplay between metabolic health and gut microbiota
in shaping clinical outcomes. This may be attributed to
the synergistic interplay between DI-GM and metabolic
pathways. Prediabetes is associated with a heightened
cardiovascular risk [78, 79]. A high DI-GM score may
confer protective effects by enhancing gut barrier integ-
rity through mechanisms involving short-chain fatty
acids, prebiotics, and dietary fiber etc [80]. Furthermore,
it may mitigate cardiovascular mortality risk through
multiple pathways, including improved insulin sensitivity,
reduced oxidative stress, regulated immune responses,
and modulation of choline-metabolizing bacteria to sup-
press trimethylamine N-oxide (TMAQ) production [81].

In the context of cardiovascular mortality, insulin
resistance is a central driver. It impairs glucose output
and fatty acid metabolism, leading to elevated triglyc-
eride levels and increased secretion of very low-density
lipoprotein (VLDL) by the liver [82, 83]. These metabolic
disturbances are compounded by endothelial dysfunc-
tion, characterized by reduced nitric oxide production
and increased release of procoagulant factors, which
promote platelet aggregation and vascular inflammation
[84, 85]. Collectively, these mechanisms contribute to
the development of atherosclerotic plaques and elevate
the risk of cardiovascular mortality [86]. These findings
highlight the potential of DI-GM as a tool for personal-
ized dietary strategies tailored to the metabolic status
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of MASLD patients. Notably, individuals without diabe-
tes, including those with prediabetes (preDM), appear
to derive greater mortality reduction benefits from such
dietary improvements. This suggests that early interven-
tion, particularly in prediabetic patients, could disrupt
the progression of metabolic dysfunction and its down-
stream consequences.

Given the pivotal role of the gut microbiota in vari-
ous diseases, DI-GM can be utilized to investigate diet-
disease associations similar to those of established
indices such as Alternate Healthy Eating Index (AHEI)
and Alternate Mediterranean Diet (aMED) et al. How-
ever, a key distinction of DI-GM lies in its inclusion of
specific foods rather than broad food groups for certain
components [87, 88]. During the development of DI-GM,
most review articles primarily focused on dietary inter-
vention studies targeting specific foods. Incorporating
specific foods into DI-GM may offer potential benefits in
refining dietary recommendations [23]. Additionally, the
aMED emphasizes the consumption of olive oil, whole
grains, vegetables, and fish, but its core assumption—that
"food itself directly determines health outcomes"—fails
to account for individual variations in gut microbiota-
mediated metabolism of dietary components [89]. In
contrast, DI-GM quantifies the regulatory effects of
dietary patterns on gut microbiota, thereby more accu-
rately reflecting the impact of diet on metabolic health
(e.g., MASLD). Recent studies have highlighted the asso-
ciation between higher aMED, Dietary Approach to Stop
Hypertension (DASH), and AHEI scores and reduced all-
cause and cardiovascular mortality in MASLD patients
[90]. A cross-sectional study further demonstrated a
linear inverse relationship between dietary quality and
all-cause mortality in MASLD patients, suggesting that
improved dietary quality may enhance survival outcomes
[91]. However, contradictory evidence also exists: Yoo
et al. found that while higher dietary quality was linked
to reduced all-cause mortality in individuals without
MASLD, no such association was observed in MASLD
patients [92]. These findings underscore the importance
of dietary quality as a modifiable factor in MASLD man-
agement. Notably, this study did not further explore the
comparative effectiveness of DI-GM against established
indices (e.g., aMED, DASH) in predicting MASLD out-
comes. Future research should integrate DI-GM with tra-
ditional dietary indices through multivariable models to
evaluate their independent predictive value for MASLD-
related endpoints.

A notable strength of our study including the analysis
of a nationally representative sample of diverse popula-
tions in the United States, and the inclusion of a large
number of potential confounding factors in the avail-
ability of data on analysis and long-term mortality. These
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strengths enhance the generalizability of the findings
to the general population. Secondly, To the best of our
knowledge, this is the first investigation to examine the
relationship between the DI-GM and mortality risk in
both MASLD and non-MASLD populations, we have
found that MASLD patients can reduce their mortal-
ity risk by improving their daily diet, a finding that was
confirmed to be robust through six sensitivity analyses.
Lastly, in comparison with other dietary indices, DI-GM
encompasses a broader spectrum of targets, incorporat-
ing measures such as diversity indices, the production
of short-chain fatty acids, variations in phyla, and the
outcomes of specific bacterial species. This comprehen-
sive approach allows for a more nuanced understanding
of the dietary influences on gut microbiota composition
and function. The scoring system of DI-GM is straight-
forward and user-friendly, making it highly suitable for
widespread adoption in both clinical and public health
settings. By quantifying the impact of dietary patterns on
gut microbiota, DI-GM offers actionable and specific die-
tary recommendations for MASLD patients, demonstrat-
ing significant practical value in guiding personalized
nutrition strategies. This ease of application, combined
with its scientific rigor, positions DI-GM as a valuable
tool for improving patient outcomes and advancing die-
tary interventions in metabolic health management.
Despite these strengths, our study has several limita-
tions. Firstly, the NHANES data, which are based on
self-reported information from individuals, may be prone
to recall bias. Self-reported dietary data, while com-
monly used in large-scale cohort studies, are subject to
limitations such as recall bias, social desirability bias, and
underreporting, particularly for complex dietary pat-
terns. These factors could introduce measurement error
into DI-GM scores, potentially affecting the observed
associations with MASLD and mortality. To mitigate
these biases, we utilized standardized dietary assess-
ment tools—24-h dietary recalls. However, we recog-
nize that these limitations may still impact the precision
of DI-GM as a dietary biomarker. Secondly, the cross-
sectional design of NHANES precludes the provision
of insights into the temporal changes of these variables,
which limits the further exploration of the dynamics of
the DI-GM. Thirdly, the use of non-invasive FLI, NES,
APRI, and FIB4 scores as diagnostic criteria for steato-
sis and advanced liver fibrosis may introduce inaccura-
cies in estimating the true risk extent of MASLD and
advanced liver fibrosis, although these scores have been
validated as reliable diagnostic tools in the U.S. popula-
tion [93]. Fourthly, the relatively small number of cancer-
related deaths in the MASLD patient population led us to
exclude cancer-related mortality from our focus. There-
fore, well-designed prospective longitudinal studies are
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warranted to further investigate the impact of the DI-GM
on all-cause mortality risk in patients with MASLD.
Lastly, In the subgroup analysis of this study, the limited
sample sizes in certain specific subgroups may restrict
the generalizability of the findings, and further in-depth
analyses of these subgroups are warranted. Meanwhile,
future studies should validate our findings using histolog-
ical confirmation of MASLD and fibrosis, particularly in
populations with high variability in diagnostic accuracy.
Additionally, advanced imaging techniques (e.g., MRI-
based proton density fat fraction) could reduce misclas-
sification bias.

Conclusion

In this study, the DI-GM has filled a critical research gap
by revealing a significant inverse correlation between
DI-GM scores and both all-cause and cardiovascular
mortality in patients with MASLD. This groundbreaking
finding not only validates the scientific value of DI-GM
but also provides robust evidence to support dietary
interventions aimed at improving outcomes in MASLD
patients. Furthermore, our study demonstrated that the
mortality-reducing effects of DI-GM are particularly
pronounced in MASLD patients with advanced fibrosis
and are influenced by age and prediabetes status. These
insights highlight the potential of DI-GM to offer per-
sonalized dietary recommendations tailored to specific
patient subgroups, thereby advancing the application of
precision medicine in MASLD management. The appli-
cation of DI-GM opens new avenues for future research,
such as exploring its relationship with other metabolic
diseases (e.g., diabetes, obesity) or using multi-omics
technologies to further elucidate the mechanisms under-
lying diet-microbiota-host interactions.
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