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Abstract: Metabolic dysfunction-associated steatotic liver disease (MASLD) is a major
contributor to liver-related morbidity, cardiovascular disease, and metabolic complications.
Lifestyle interventions, including diet and exercise, are first line in treating MASLD. Dietary
approaches such as the low-glycemic-index Mediterranean diet, the ketogenic diet, intermit-
tent fasting, and high fiber diets have demonstrated potential in addressing the metabolic
dysfunction underlying this condition. The development and progression of MASLD
are closely associated with taxonomic shifts in gut microbial communities, a relationship
well-documented in the literature. Given the importance of diet as a primary treatment for
MASLD, it is important to understand how gut microbiota and their metabolic byproducts
mediate favorable outcomes induced by healthy dietary patterns. Conversely, microbiota
changes conferred by unhealthy dietary patterns such as the Western diet may induce
dysbiosis and influence steatotic liver disease through promoting hepatic inflammation,
up-regulating lipogenesis, dysregulating bile acid metabolism, increasing insulin resistance,
and causing oxidative damage in hepatocytes. Although emerging evidence has identified
links between diet, microbiota, and development of MASLD, significant gaps remain in
understanding specific microbial roles, metabolite pathways, host interactions, and causal
relationships. Therefore, this review aims to provide mechanistic insights into the role of
microbiota-mediated processes through the analysis of both healthy and unhealthy dietary
patterns and their contribution to MASLD pathophysiology. By better elucidating the
interplay between dietary nutrients, microbiota-mediated processes, and the onset and
progression of steatotic liver disease, this work aims to identify new opportunities for
targeted dietary interventions to treat MASLD efficiently.

Keywords: liver disease; gut bacteria; Western diet; Mediterranean diet; ketogenic diet;
intermittent fasting

1. Introduction
Metabolic dysfunction-associated steatotic liver disease (MASLD), formerly known as

non-alcoholic fatty liver disease (NAFLD) or non-alcoholic steatohepatitis (NASH), remains
a significant contributor to the growing global burden of liver-disease-related mortality [1].
Globally, viral hepatitis remains the leading cause of cirrhosis; however, with widespread
vaccination efforts, advances in hepatitis treatment and increased prevalence of obesity,
MASLD is steadily increasing across several regions of the world including Europe, the
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Middle East, and the Americas [1,2]. While not all cases of MASLD progress to cirrhosis, it
is estimated that 38% of all adults and 7–14% of adolescents meet the diagnostic criteria for
MASLD, with projections indicating prevalence could surpass 55% in adults by 2040 [3].
In certain populations, such as women in the United States, MASLD has become the
leading cause for liver transplantation [3]. The implications of MASLD extend beyond
the liver, contributing to adverse effects on cardiovascular health, chronic kidney disease,
and cancers [2]. Given its mortality, morbidity, and economic burden, substantial research
efforts are focused on developing novel pharmacological treatments for its prevention
and management [2]. As such, a deeper understanding of MASLD pathophysiology is
critical to guiding upstream primary prevention strategies and fostering the development
of innovative treatment modalities that extend beyond pharmacological interventions.

Likewise, it is important to address the transition in terminology and diagnostic crite-
ria from NAFLD to MASLD aimed at improving diagnostic accuracy and establishing a
global consensus [4]. The new framework provides clearer differentiation between MASLD
and other liver diseases such as alcohol-related liver disease or viral hepatitis. The term
“MASLD” underscores the complex interplay of metabolic and environmental factors driv-
ing the condition, while reducing the stigma associated with the term “non-alcoholic” [5].
The updated diagnostic criteria for MASLD in adults, as defined by the American As-
sociation for the study of Liver Disease (AASLD), require the presence of liver steatosis
concurrently with one of five cardiometabolic risk factors: (1) Body Mass Index > 25; (2) di-
agnosed hypertension, dyslipidemia, or type 2 diabetes mellitus (T2DM); (3) treatment
for T2DM; (4) elevated plasma triglycerides > 1.7 mmol/L or lipid-lowering treatment;
(5) low-plasma high-density lipoprotein (HDL) < 1 mmol/L in males and <1.3 mmol/L
in females [4,6]. Screening for other major contributors such as alcohol and hepatitis B/C
should also be conducted to rule out superimposed chronic liver injury [6]. Patients who
meet criteria for MASLD but also and have increased alcohol intake are diagnosed under
the new terminology of MetALD [6].

Currently, lifestyle modifications remain the first-line approach for primary prevention
and management of MASLD pathogenesis [7]. Among these, dietary habits, in conjunction
with exercise, play an important factor in achieving sustainable weight loss, which is linked
to significant improvements in insulin resistance and metabolic parameters associated with
steatotic liver disease [8]. A weight loss of approximately 7–10% of total body weight has
been shown to markedly reduce hepatic fat accumulation, inflammation, and fibrosis [9].
The mechanisms through which dietary interventions influence MASLD pathophysiology
are multifaceted, including but not limited to reducing de novo lipogenesis, enhancing
fatty acid oxidation, mitigating inflammation, reducing oxidative stress, improving insulin
sensitivity, ameliorating autophagy, and optimizing gut microbial composition [10–14].

Emerging evidence underscores the critical role gut microbiota play as an intermediary
between nutrition and the pathogenesis or prevention of MASLD [15]. Gut microbiota also
play a key role in individual risk factors for MASLD including dyslipidemia, T2DM, and
hypertension [16–19]. Reduced microbial diversity and states of dysbiosis are a hallmark
characteristic of MASLD development and associated cardiometabolic risk factors [20].
Important markers of dysbiosis, such as increased Firmicutes/Bacteroidetes ratio, Pro-
teobacteria abundance, and overgrowth of the Enterobacteriaceae microbial family, promote
inflammation, leading to “leaky gut” and systemic translocation of endotoxins to various
organs including the liver [21,22]. Interestingly, many of the pathophysiologic mechanisms
that drive pathogenic effects of unhealthy dietary intake on MASLD are driven by micro-
biota and their related metabolites [23]. For example, consumption of a Western-based diet
enhances liver-mediated fatty acid synthesis and cholesterol uptake through disruption
of gut microbiota [24]. Further, unfavorable dietary interventions induce hepatic inflam-
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mation via dysregulation of T-regulatory cells and up-regulation of pro-inflammatory
pathways [25,26]. Conversely, incorporating a beneficial diet, such as the Mediterranean
diet, has the opposite effect through enhancing gut microbial composition and improvement
of physiological processes reducing hepatic inflammation and adiposity [27]. Microbial
metabolic byproducts derived from dietary intake attenuate hepatic lipogenesis, inflamma-
tion, and oxidative stress [28]. Similarly, consumption of fruits/vegetables mitigates hepatic
inflammation and strengthens the gut barrier via the microbiota metabolite butyrate [29].

Given the interrelationship between diet, gut microbiota composition, and metabolic
disease, targeting gut microbiota through dietary interventions offers a promising strategy
for the primary prevention of MASLD. This review first explores notable trends in gut
microbiota associated with the pathophysiology of MASLD and related metabolic disorders.
It then examines the mechanisms by which microbiota and their metabolites influence
processes such as hepatic inflammation, lipogenesis, bile acid regulation, insulin resistance,
and oxidative stress. Next, dietary interventions that lead to unfavorable taxonomical shifts
in gut microbiota and the pathways through which these changes influence biological pro-
cesses to induce steatotic liver changes are discussed. Finally, emerging evidence regarding
the role of beneficial dietary interventions including the Mediterranean diet, ketogenic
diet, intermittent fasting, and high-fiber diets in improving gut microbial composition and
mitigating MASLD pathogenesis and progression is presented. Overall, this comprehensive
review focuses on elucidating the complex interplay between diet, gut microbiota, and
metabolic pathways in MASLD, highlighting the impact of both detrimental and beneficial
dietary patterns on these processes. It addresses critical gaps in the understanding of
the mechanistic links between dietary intervention, gut microbial composition, and their
downstream effects on MASLD pathogenesis and progression. By deepening our under-
standing of how specific dietary patterns can be strategically leveraged to modulate gut
microbiota, this knowledge aims to guide development of targeted nutritional strategies
and personalized dietary recommendations to prevent and mitigate MASLD development.

2. Gut Microbiota Trends in MASLD and Related Pathophysiologic Mechanisms
The gut microbiota comprises the trillions (1013–1014) of microorganisms that reside

in the human intestinal tract, playing a pivotal role in maintaining host health [30]. When
microbial diversity is preserved, it supports essential physiologic processes such as energy
harvesting, nutrient synthesis, immunomodulation, and promoting the integrity of the
intestinal barrier [31]. Conversely, dysbiosis, or gut microbial imbalance, has detrimental
effects human health through production of harmful metabolites, inflammation via endo-
toxin formation, and increased permeability of the intestinal barrier, leading to a “leaky
gut” and negative systemic effects [32]. Dysbiosis significantly contributes to metabolic en-
dotoxemia and development of chronic metabolic conditions including MASLD-associated
risk factors like obesity, dyslipidemia, and T2DM [33]. Interestingly, both gut microbial
composition and development of metabolic disorders, including MASLD, are influenced
by similar extrinsic and intrinsic factors [34,35]. These include diet, exercise, age, environ-
mental stressors, and medications, as well as epigenetics, immune status, and comorbid
disease [35], underscoring the role of microbiota alterations as a potential driving factor in
the development of metabolic disease. The gut and liver are intimately connected through
the portal venous system, which transports significant amounts of blood and consequently
microbial metabolites and endotoxins from the intestinal tract to the liver [36]. In states
of dysbiosis and metabolic endotoxemia, microbial derivatives and toxic products that
leak into the bloodstream are delivered to the liver, contributing to steatotic changes [37].
This intricate interrelationship between the gut and liver is commonly referred to as the
“gut–liver axis” [38].
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In recent years, the onset of hepatic steatosis has been associated with signature trends
in gut microbial composition, starting with key taxonomical shifts in the main phyla, trick-
ling down to important genera and species [39–41]. The human gut microbial composition
consists of six main phyla, 90% comprised of Bacteroidetes and Firmicutes, while Proteobac-
teria, Fusobacteria, Verrucomicrobia, and Actinobacteria make up the remaining 10% [42].
In a cross-sectional study involving 37 patients with steatotic liver disease, Bacteroidetes,
Firmicutes, and Proteobacteria emerged as the predominant phyla with an elevated Fir-
micutes/Bacteroidetes ratio strongly associated with hepatic steatosis and obesity [22].
Interestingly, of the three phyla, increased Proteobacteria was strongly correlated with
hepatic fibrosis in patients with normal body mass indices [22], suggesting its role as an
early marker of steatotic liver disease progression to cirrhosis [43]. Although Proteobacteria
accounts for less than 5% of total gut microbial composition, their abnormal expansion
is a hallmark of dysbiosis often disrupting microbial balance and precipitating metabolic
dysfunction [44]. This increase in Proteobacteria has been attributed to an increase in
pathogenic bacterial species such as Escherichia within the Enterobacteriaceae family [45].
At the genus level, Bacteroides predominates in individuals with hepatic steatosis, while
Prevotella is more common in healthy populations [22,46]. These enterotypes, which cate-
gorize microbiota into distinct clusters based on relative abundance of specific microbes,
are intricately linked to dietary responses as individuals with higher Prevotella/Bacteroides
ratios experience greater weight loss in response to dietary, lifestyle, and disease-treatment
interventions [46,47].

Recent meta-analyses have provided a further characterization of gut microbial sig-
natures in patients with MASLD [40,48–51], revealing comparable results. In MASLD,
α-diversity, a measure of microbial richness and distribution, showed significant reduc-
tion as assessed by the Shannon Index, a statistical measure of biodiversity in a specific
habitat [51,52]. Lower α-diversity has been associated with worse health outcomes and
serves as an important measure of microbiota health [53]. Similarly, β-diversity, comparing
the difference in microbial composition between MASLD patients and healthy controls,
reveals significant alterations linked with steatotic liver changes [51]. β-Diversity is another
important microbial metric that compares similarity and differences between microbial
samples or environments [54]. Importantly, anti-inflammatory species within the families
Rumminococcacae and Lachnospiraceae are markedly reduced, whereas proinflammatory
species from the Desulfovibrionaceae family are more prevalent, particularly in obese indi-
viduals with MASLD [48,55]. At the genus level, MASLD is associated with an increased
relative abundances of proinflammatory Escherichia, Streptococcus, Bilophila, Fusobacterium,
Dorea, and Megaspheara. Conversely, beneficial genera such as Faecalibacterium, Coprococcus,
Ruminococcus, Alistipes, Akkermansia, Blautia, Flavobacterium, and Coprobactera are signifi-
cantly decreased [40,48–51,56]. Certain microbial genera were associated with effects on
metabolic serum markers. For example, Dorea overrepresented in MASLD and correlated
with increased liver enzymes such as aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) [40]. Conversely, Alistipes decreased in steatotic liver disease and was
negatively correlated to serum glucose, gamma-glutamyl transferase, and ALT [40].

Certain microbial genera and taxonomical alterations have been associated with pro-
gression of hepatic steatosis to cirrhosis [48,57,58]. In clinical practice, steatotic liver disease
is staged from F0 to F4, based on the degree of fatty deposition, fibrosis, and scarring as
assessed by elastography and confirmed by liver biopsy [59]. In a cross-sectional study
of 60 patients with steatotic liver disease, individuals with significant fibrosis had higher
proportions of Bacteroides compared to those without significant fibrosis [57]. Conversely,
beneficial bacterial genera such as Lactobacillus and Bifidobacterium were notably reduced in
patients with advanced fibrosis [57]. Similarly, species within the genera Bacteroides, Dorea,
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Clostridium, and Streptococcus were significantly associated with fibrotic liver changes in
patients with biopsy-proven MASLD-induced cirrhosis [58]. Further, the Enterobacteriaceae
family, including Escherichia and Shigella, had a sixfold increased association with significant
fibrosis (F2–F4) compared to those in earlier stages F0/F1 [60,61].

To summarize, an overabundance of enteric, inflammatory, and pathogenic microbial
genera including Escherichia, Streptococcus, Shigella, Dorea, Fusobacterium, and Enterococcus is
strongly associated with the onset and fibrotic progression of steatotic liver disease. These
bacterial genera play specific roles and influence key metabolite pathways, such as hepatic
inflammation, lipogenesis, bile acid metabolism, and oxidative stress within hepatocytes,
contributing to the pathophysiological changes observed in MASLD. Conversely, genera
that are relatively reduced in individuals with steatotic liver disease such as Lactobacillus,
Akkermansia, Alistipes, and Eubacterium modulate these same pathways to mitigate MASLD
progression and prevent its onset. These intricate mechanisms, specific microbial roles,
metabolite signaling pathways, and host interactions will be explored in detail in the
following subsections. It is important to note, however, that these microbial genera are
part of a highly dynamic and interdependent ecosystem, influencing host physiology both
synergistically and antagonistically [62,63]. Therefore, the relative abundance or reduction
of these genera is context-dependent, and their interactions are not binary. Rather, they in-
volve networks of metabolite exchange signaling, immune modulation, and environmental
influences, such as diet, which collectively influence steatotic liver changes [64].

2.1. Gut Microbes, Hepatic Inflammation, and Steatotic Liver Disease

Microbial dysbiosis contributes to liver inflammation and fat deposition through mech-
anisms that include increased gut barrier permeability; production of endotoxins; and acti-
vation of pro-inflammatory signaling pathways such as nuclear factor kappa beta (NF-κβ)
and the nucleotide-binding domain, leucine-rich repeat, and pyrin-domain-containing
protein 3 (NLRP3)-inflammasome [65]. Disruption of gut barrier integrity mediated by
microbial interactions has been shown to exacerbate the severity of steatotic liver dis-
ease [66]. Specifically, distinct microbial signatures including alterations in Escherichia,
Shigella, Anaeoplasma, and Butyricicoccus concentrations were associated with increased gut
membrane permeability and steatosis through gut–liver interactions [66]. Gut microbial
metabolites such as trimethylamine N-oxide (TMAO), which are elevated in individuals
with steatotic liver disease, promote lipid deposition in hepatocytes by increasing intestinal
barrier permeability and activating the toll-like receptor 4 (TLR4)/NF-κβ pathway [67].
Persistent activation of hepatocytic NF-κβ drives liver steatosis and supports de novo
lipogenesis and cholesterol synthesis [68]. Conversely, beneficial gut microbial metabolites
such as butyrate increase beneficial bacterial genera such as Lactobacillus and strengthen
the intestinal barrier by up-regulating the expression of tight junction protein [69]. En-
hanced gut barrier integrity reduces endotoxin leakage into the bloodstream, decreasing
the amount of pro-inflammatory genes and cytokine-mediated inflammation from reach-
ing the liver through the portal venous system (Figure 1) [38]. Amelioration of hepatic
inflammation after strengthening of the gut barrier is also associated with decreased liver
fat accumulation and lipid concentrations [69].

Further, increased abundances of Gram-negative bacteria, particularly those belonging
to the Enterobacteriaceae family in the setting of dysbiosis, can contribute to metabolic endo-
toxemia and steatotic liver disease through the production of lipopolysaccharides (LPS) [70].
LPS bind to TLR4 on enterocytes, initiating signaling pathways that promote the release of
pro-inflammatory cytokines and chemokines while increasing tight junction permeability,
exacerbating intestinal barrier dysfunction [71]. In dysbiotic states with elevated levels of
Proteobacteria, extracellular vesicles secreted by gut microbes exhibit increase expression
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of TLR4, macrophage markers, and cytokines that are transported via the hepatic portal
vein to the liver amplifying inflammatory responses [72]. LPS-treated murine models
showed significant lipid droplet accumulation in hepatocytes, accompanied by increased
activity of enzymes involved in fatty acid synthesis, compared to controls [73]. Further,
LPS challenge in hepatic steatosis models potentiated TLR4/NFκB signaling, leading to
accelerated pericellular fibrosis in lipid-laden hepatocytes (Figure 1) [74]. Specifically,
the activity of hepatic stellate cells (HSCs) is increased, amplifying hepatic inflammatory
responses and promoting collagen-deposition in response to liver injury, contributing to
fibrotic changes [75]. Chronic TLR4 activation exacerbates hepatic steatosis and fibrosis,
and in advanced stages, may even contribute to hepatocarcinogenesis [76].

Nutrients 2025, 17, x FOR PEER REVIEW 6 of 47 
 

 

1) [38]. Amelioration of hepatic inflammation after strengthening of the gut barrier is also 
associated with decreased liver fat accumulation and lipid concentrations [69]. 

 

Figure 1. Gut microbiota and hepatic inflammation. Overabundance of enteric microbial species 
such as Escherichia, Shigella, Anaeoplasma, and Butyricicoccus up-regulate inflammatory pathways 
such as NF-κB and NLRP3. This occurs through LPS-mediated activation of TLR4 and lipoteichoic-
acid-mediated activation of TLR-2. The resulting microbial dysbiosis concurrently leads to gut 
barrier permeability, increased unfavorable gut metabolites such as TMAO, and activation of pro-
inflammatory cytokines that enter nearby systemic circulation via the portal venous system. Once 
in the liver, these pro-inflammatory cytokines may activate hepatic stellate cells, triggering hepatic 
inflammation, lipid deposition, and fibrosis. Over time, this drives steatotic changes within the liver. 
Conversely, increased abundances of favorable microbiota such as Lactobacillus, Blautia, and 
Akkermansia have been shown to mitigate these adverse effects. Abbreviations: HSC, hepatic stellate 
cells; TMAO, trimethylamine-N-oxide; LPS, lipopolysaccharides; TLR4, toll-like receptor 4; TL2, 
toll-like receptor 2; NLRP3, NOD-, LRR-, and pyrin-domain-containing protein 3. 

Further, increased abundances of Gram-negative bacteria, particularly those 
belonging to the Enterobacteriaceae family in the setting of dysbiosis, can contribute to 
metabolic endotoxemia and steatotic liver disease through the production of 
lipopolysaccharides (LPS) [70]. LPS bind to TLR4 on enterocytes, initiating signaling 
pathways that promote the release of pro-inflammatory cytokines and chemokines while 
increasing tight junction permeability, exacerbating intestinal barrier dysfunction [71]. In 
dysbiotic states with elevated levels of Proteobacteria, extracellular vesicles secreted by 
gut microbes exhibit increase expression of TLR4, macrophage markers, and cytokines 
that are transported via the hepatic portal vein to the liver amplifying inflammatory 
responses [72]. LPS-treated murine models showed significant lipid droplet accumulation 
in hepatocytes, accompanied by increased activity of enzymes involved in fatty acid 
synthesis, compared to controls [73]. Further, LPS challenge in hepatic steatosis models 
potentiated TLR4/NFκB signaling, leading to accelerated pericellular fibrosis in lipid-
laden hepatocytes (Figure 1) [74]. Specifically, the activity of hepatic stellate cells (HSCs) 
is increased, amplifying hepatic inflammatory responses and promoting collagen-
deposition in response to liver injury, contributing to fibrotic changes [75]. Chronic TLR4 
activation exacerbates hepatic steatosis and fibrosis, and in advanced stages, may even 
contribute to hepatocarcinogenesis [76]. 

Figure 1. Gut microbiota and hepatic inflammation. Overabundance of enteric microbial species
such as Escherichia, Shigella, Anaeoplasma, and Butyricicoccus up-regulate inflammatory pathways
such as NF-κB and NLRP3. This occurs through LPS-mediated activation of TLR4 and lipoteichoic-
acid-mediated activation of TLR-2. The resulting microbial dysbiosis concurrently leads to gut
barrier permeability, increased unfavorable gut metabolites such as TMAO, and activation of pro-
inflammatory cytokines that enter nearby systemic circulation via the portal venous system. Once
in the liver, these pro-inflammatory cytokines may activate hepatic stellate cells, triggering hepatic
inflammation, lipid deposition, and fibrosis. Over time, this drives steatotic changes within the
liver. Conversely, increased abundances of favorable microbiota such as Lactobacillus, Blautia, and
Akkermansia have been shown to mitigate these adverse effects. Abbreviations: HSC, hepatic stellate
cells; TMAO, trimethylamine-N-oxide; LPS, lipopolysaccharides; TLR4, toll-like receptor 4; TL2,
toll-like receptor 2; NLRP3, NOD-, LRR-, and pyrin-domain-containing protein 3.

In addition to TLR4, toll-like receptor 2 (TLR2) is also implicated in steatohepatitis, par-
ticularly in the context of dysbiosis and Gram-positive bacterial cell wall components [77].
Overactivation of TLR2 stimulates Kupffer cells (liver macrophages) and HSCs, promoting
the progression of steatotic liver disease. Kupffer cells in particular drive hepatic inflamma-
tion by activating the NLRP3 inflammasome [77]. Studies have shown that Escherichia coli
strains isolated from the intestinal tract of steatotic liver disease patients can translocate to
the liver via the TLR2/NLRP3 pathway. This translocation increases hepatic macrophage
expression and exacerbates liver inflammation when introduced into the diet of murine
models [78]. The NLRP3 inflammasome, an intracellular sensor responding to endogenous
stimuli, such as gut-microbial-pathogen-associated molecular patterns (PAMPs), is a key
driver of MASLD pathogenesis and progression when overactivated [79]. NLRP3 activa-
tion triggers cytokine release, increased reactive oxygen species formation, and lysosomal
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damage, facilitating inflammation in hepatocytes [80]. Further, NLRP3 activity induces
hepatocytes to undergo pyroptosis, triggering cell death; release of inflammasome parti-
cles; and up-regulation of HSCs, which amplify liver fibrosis [81]. Given the correlation
of NLRP3 with MASLD development, it has become a therapeutic target. For instance,
supplementation with Gynostemma pentaphyllum polysaccharides has been shown to enrich
beneficial bacteria such as Akkermansia and Lactobacillus while inhibiting TLR2 expression
and down-regulating NLRP3 activity (Figure 1) [82]. Similarly, direct inhibition of NLRP3
has been shown to attenuate hepatic inflammation and fibrosis in murine models through
suppressing cholesterol-mediated activation of Kupffer cells [83].

2.2. Gut Microbes, Hepatic Lipogenesis, and Steatotic Liver Disease

Gut microbiota, in states of dysbiosis, are intricately linked to mechanisms that influ-
ence lipogenesis and fatty acid synthesis, contributing to hepatic fat deposition and pro-
gression of steatotic liver disease [84]. One key pathway involved is microbiota-mediated
regulation of sterol-regulatory-element-binding proteins (SREBP1c), transcription factors
that control lipid synthesis and adipogenesis [85]. SREBP1c control the primary enzymes
that facilitate lipogenesis such as HMG-CoA synthase, fatty acid synthase (FAS), acetyl-
CoA carboxylase (ACC), ATP citrate lyase (ACL), and stearoyl-CoA desaturase (SCD). For
example, in murine models, the gut microbial metabolite 2-oleoyl glycerol (2-OG), which is
elevated after high-fat-diet-induced obesity, has been shown to increase de novo lipogenesis
through up-regulation of SREBP1c and carbohydrate-response-element-binding protein
(ChREBP), another transcription factor that enhances lipogenic enzymes such as FAS and
ACC (Figure 2) [86]. When 2-OG concentrations were measured in healthy subjects and
those with MASLD, significantly higher levels were observed in MASLD patients, which
may, in part, be due to excess lipid synthesis (Figure 2) [86]. Similarly, recent studies
showed that diet-induced alterations in gut microbiota facilitate hepatic fat accumulation
and lipogenesis through the SREBP1c/ACC/FAS pathway, an effect attenuated by the
microbial transplant of beneficial microbial species [87].

In concert with these findings, AMP-activated protein kinase (AMPK), an inhibitor of
lipogenesis that inactivates ACC through phosphorylation, is also modulated by micro-
bial mechanisms to influence hepatic fat accumulation [88]. Six-week canola-oil-induced
changes in gut microbiota enhanced AMPK phosphorylation activity, leading to sup-
pressed lipogenesis in murine models [89]. Additionally, inhibition of SREBP1c as well
as peroxisome-proliferator-activated receptor gamma (PPARγ) were observed after im-
provement of microbial diversity through increased abundances of Akkermansia, Dubosiella,
and Alistipes (Figure 2). Notably, Alistipes-induced acetate production was correlated with
AMPK phosphorylation, providing further insight into the interplay between microbiota
and lipogenic pathways [89]. Further, beneficial bacterial strains such as Lactobacillus have
been shown to activate AMPK signaling and reduce ACC expression, resulting in improved
liver function, reduced circulating lipid concentrations, and inhibition of lipogenesis in a
steatotic liver disease model [90]. These effects may be, in part, secondary to increased pro-
duction of short-chain fatty acids (SCFA) by gut microbiota, as dietary-fiber-induced SCFA
production activates AMPK-related genes involved in the gut–liver axis [91]. In addition
to its negative regulation of fatty acid synthesis, AMPK also up-regulates β-oxidation to
positively regulate utilization of fats in the liver and reduce lipid accumulation [91].

PPARγ is another regulator of lipogenesis that controls the gene expression of lipid
transporters such as ATP-binding cassette transporter G1 (ABCG1). This transporter plays a
critical role in cholesterol efflux from hepatocytes into the gallbladder, indirectly influencing
bile acid homeostasis since cholesterol functions as a precursor for bile acid synthesis [92].
Though PPARγ is a known regulator of fatty acid redistribution, its role in steatotic liver
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disease is controversial. Some studies suggest that PPARγ overexpression promotes lipid
efflux from hepatocytes to adipose tissues [93], while other studies showed a pro-steatotic
role with PPARγ mediating increased fatty acid uptake in the liver [94]. However, PPARγ
activity is significantly influenced by microbiota. For example, butyrate-induced expres-
sion of PPARγ prevents dysbiotic expansion of Escherichia and Salmonella, shifting the
bioavailability of oxygen towards β-oxidation [95]. Further, tumor necrosis factor alpha
(TNFα)- and interleukin-mediated inflammatory processes are shown to repress PPARγ
activity, suggesting that low-grade inflammatory states such as those induced by microbial
dysbiosis may influence PPARγ-mediated fatty acid redistribution [96]. Importantly, in
steatotic liver disease, supplementation of beneficial Lactoplantibacillus plantarum improves
PPARγ expression within its transcriptional network when introduced in high-fat-diet-
induced MASLD murine models [97]. Taken together, these effects of PPARγ expression
may be attributed to the robust butyrate-producing capabilities and anti-inflammatory
effects of Lactoplantibacillus.
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Figure 2. Gut microbial influence on lipogenesis and hepatic steatosis. Microbial dysbiosis induced
by overgrowth of enteric bacterial genera including Escherichia, Salmonella, Streptococcus, and Fusobac-
terium leads to the overproduction of harmful bacterial metabolites such as 2-oleoylglycerol. These
metabolites up-regulate lipogenic pathways in the liver. Specifically, expression of transcription
factors SREBP1c and ChREBP are enhanced, which activates the lipogenic regulatory enzymes ACC
and FAS. In turn, these enzymes increase triglyceride production and may result in fatty deposition in
the liver. Alternatively, enhanced expression of SREBP1c and ChREBP increases cholesterol synthesis
through increasing activity of HMG-CoA reductase, leading to increased formation of LDL, which
may deposit in the liver to promote the development of hepatic steatosis. In contrast, favorable
bacterial species such as Akkermansia, Lactobacillus, Dubosiella, and Alistipes may enhance AMPK
expression, which inhibits lipogenic pathways to attenuate hepatic fat accumulation. Abbreviations:
2-OG, 2-oleoylglycerol; SREBP1c, sterol-regulatory-element-binding protein 1; ChREBP, carbohydrate-
response-element-binding protein; ACC, acetyl-coenzyme A carboxylase; FAS, fatty acid synthase;
HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; TG, triglycerides; LDL, low-density lipoprotein;
AMPK, AMP-activated protein kinase.

2.3. Gut Microbes, Bile Acid Metabolism, and Steatotic Liver Disease

Bile acids serve as essential regulators of the gut–liver axis, and their modification
by gut microbiota have significant implications in steatotic liver disease [98]. Through
enterohepatic circulation, bile acids are cycled between the liver and the terminal ileum,
undergoing microbial-mediated modification within the intestinal tract in the process [99].
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Functionally, bile acids are critical in fat digestion and absorption and serve as key modula-
tors of lipid and glucose homeostasis [100]. In steatotic liver disease, both the concentration
and subtypes of bile acids are profoundly altered within the enterohepatic circulation.
These changes are associated with decreased signaling through bile acid receptors, such as
Farsenoid X receptor (FXR) and Takeda G-protein receptor 5 (TGR5) [101]. FXR and TGR5
activation, with them being co-localized in enteroendocrine cells, initiates downstream
signaling pathways to suppress MASLD pathogenesis by reducing liver fatty acid synthesis
and uptake, resulting in overall improvements in glucose metabolism and cholesterol
synthesis [98]. Notably, FXR and TGR5 agonists have been shown to reverse diet-induced
hepatic steatosis, inflammation, and fibrosis, an effect mediated through up-regulation of
mitochondrial function within hepatocytes [24].

Recent findings have also shown that dysregulated bile acids contribute to the fi-
brotic progression of steatotic liver disease through NLRP3 inflammasome activation [102].
This mechanism is associated with decreased expression of FXR and accumulation of a
toxic primary bile acid pool, leading to decreased phosphorylation and inactivation of
the NLRP3 inflammasome [102]. Primary bile acids, significantly elevated in individuals
with liver steatosis and fibrosis, include glycochenodeoxycholic acid (GCDCA), taurochen-
odeoxycholic acid (TCDCA), glycocholic acid (GCA), and taurocholic acid (TCA) [103]. In
contrast, beneficial microbes such as Akkermansia muciniphila and Bifidobacterium bifidum
prevent the onset of steatotic liver disease through regulation of FXR expression [104].
These microbial strains activated hepatic FXR while attenuating intestinal FXR signal-
ing, resulting in reduced weight gain, improved insulin resistance, and decreased liver
lipid deposition (Figure 3) [104]. Similarly, improvement of microbial composition through
administration of dietary polysaccharides enhances bile acid pools by up-regulating produc-
tion of secondary bile acids such as ursodeoxycholic acid (UDCA) and taurolithocholic acid
(TLCA) [105]. These secondary bile acids have been associated with increased expression
of FXR and TGR5, improving lipid metabolism and reducing steatotic fat deposition [105].
UDCA has a range of beneficial effects on liver fat accumulation through the activation of
AMPK, mitigating oxidative stress and improving hepatic inflammation (Figure 3) [106].

Gut microbiota possess the enzymatic capability to influence bile acid metabolism
through the activities of bile salt hydrolase (BSH) and hydroxysteroid dehydrogenases
(HSDH), which carry out deconjugation and oxidation/epimerization reactions, respec-
tively, on primary bile acids [107]. Reduced BSH activity negatively affects the bile acid
pool, impairing FXR signaling and contributing to hepatic steatosis [108]. In contrast,
BSH-overexpressing microbial species, such as Lactobacillus casei, attenuate hepatic steatosis,
cholesterol accumulation, and lipid metabolism through reduced expression of SREBP1c,
ACC, and FAS in steatotic liver disease murine models [109]. Similarly, HSDHs expressing
bacterium such as Eubacterium, Ruminococcus, and Bacteroides genera contribute to the
epimerization of bile acids to influence the total bile acid pool in MASLD (Figure 3) [110].
For example, biological synthesis of UDCA may occur through microbiota-mediated HSDH
activity, which mediates oxidation, followed by epimerization reactions of chenodeoxy-
cholic acid [111]. As previously mentioned, UDCA exerts multiple hepatoprotective effects
and has demonstrated efficacy in humans as a preventative intervention for MASLD patho-
genesis and progression [112]. Notably, besides via HSDH-mediated reactions, the body
does not endogenously produce significant amounts of UDCA and therefore is often sup-
plemented in certain liver conditions [111]. Collectively, these findings underscore the
pivotal role of the gut–liver–bile axis, with gut microbiota serving as a key mediator of
biochemical processes in hepatic steatosis.
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Figure 3. Gut microbiota influence on bile acid pool and impact on hepatic steatosis. Bile acids
are formed from cholesterol derivates via enzymes such as CYP7A1 and CYP8B1. This enzymatic
conversion to bile acids yields CDCA and CA, which may be further modified by sequential enzy-
matic reactions or within the intestinal tract by gut microbial species. Once formed, bile acids are
secreted from the liver into the small intestine, traveling to the terminal ileum where around 95% are
reabsorbed through the portal venous system and returned to the liver. Conversely, in the intestinal
tract, bile acids are subject to conjugation, primarily with the addition of glycine to produce GCA and
GDCA or taurine to produce TCA or TDCA prior to being returned to the liver. Increased conjugation
of bile acids disrupts bile acid metabolism and worsens hepatic steatosis. In states of dysbiosis,
microbes with bile salt hydrolase enzymatic activity are relatively reduced, diminishing bacterial
ability to deconjugate these conjugated bile acids, further worsening the cycle. This also leads to de-
creased activation of TGR5 and FXR bile acid receptors, leading to the up-regulation of inflammatory
signaling pathways and hepatic fat accumulation. Meanwhile, supplementation of beneficial bacteria
such as Eubacterium, Ruminococcus, or Bacteroides is shown to promote UDCA formation from CDCA
through inherent hydroxysteroid dehydrogenase activity. UDCA is beneficial in attenuating hepatic
steatosis. Abbreviations: CYP7A1, cholesterol 7α-hydroxylase; CYP8B1, sterol 12-α-hydroxylase;
CDCA, chenodeoxycholic acid; CA, cholic acid; HSDH, hydroxysteroid dehydrogenase; UDCA,
ursodeoxycholic acid; GCA, glycocholic acid; TCA, taurocholic acid; TCDCA, taurochenodeoxycholic
acid; GCDCA, glycochenodeoxycholic acid; TGR5, Takeda G protein-coupled receptor 5; FXR, Farsenoid
X receptor; Bsh, bile salt hydrolase; NLRP3, NOD-, LRR-, and pyrin-domain-containing protein 3.

2.4. Gut Microbes and Oxidative Stress in Hepatocytes

The formation of reactive oxygen species (ROS) and related increases in oxidative stress
are major contributors to liver fat accumulation through the induction of mitochondrial
damage in hepatocytes [113]. ROS accumulation results from several biological processes
associated with MASLD development including inflammatory signaling pathways, lipid
peroxidation, and bile acid formation [114]. Therefore, dysregulation of these pathways
through microbiota alterations plays a critical role in driving steatotic liver changes and
hepatocyte damage [114]. For example, increased abundances of Escherichia coli and En-
terococcus spp. have been positively correlated with ROS formation, while Lactobacillus
spp. are negatively correlated with oxidative stress [115]. Although not specific to MASLD,
Lactobacillus supplementation has been shown to up-regulate nuclear-factor-erythroid-2-
related factor 2 (Nrf2), thus preventing hepatocyte injury caused by toxic metabolites
such as ethanol and acetaminophen, which induce high levels of oxidative stress when
ingested in excess (Figure 4) [116]. Nrf2 is an essential transcription factor that regulates
synthesis of antioxidant enzymes and modulates cellular redox homeostasis. In steatotic
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liver disease, elevated NrF2 levels are observed as a compensatory response to increased
oxidative stress [117].
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Figure 4. Oxidative stress, hepatocyte damage, and hepatic steatosis. Lactobacillus spp. improve
microbial barrier through production of butyrate. Butyrate can increase sirtunin 2 activity, which
influences nuclear-factor-erythroid-2-related factor 2 (Nrf2) through deacetylation reactions, allowing
its dissociation from inhibitor Kelch-like ECH-associated protein 1. This allows Nrf2 to translocate
into the nucleus, activate the antioxidase response element, and increase transcription of antioxidases
to mitigate oxidative stress and thereby improve hepatic steatosis. Conversely, dysbiosis, observed
through overabundance of Clostridium sensu, Escherichia, and Enterococcus, can deplete glycine, an
important precursor of a main antioxidase, glutathione. Similarly, this can induce reactive oxygen
species formation and the up-regulation of NF-κB-mediated inflammation. Therefore, dysbiosis can
reduce antioxidase production, increase reactive oxygen species, and induce inflammation within
hepatocytes to worsen hepatic steatosis. Abbreviations: SIRT2, sirtunin 2; Nrf2, nuclear-factor-
erythroid-2-related factor 2; KEAP1, Kelch-like ECH-associated protein 1; ARE, antioxidase response
element; ROS, reactive oxygen species; NF-κB, nuclear factor kappa beta.

In addition, Sirtunin 2 (SIRT2), a protein that can deacetylate Nrf2 by directly enhanc-
ing its nuclear localization, facilitates Nrf2 binding to antioxidant response elements and
induces transcription of cytoprotective antioxidant genes (Figure 4) [118]. SIRT2 deficiency
exacerbates diet-induced steatotic liver disease through direct influence on microbiota and
their metabolites as evidenced by decreased Bacteroides and Eubacterium, with increased Ac-
etatifactor [119]. These microbial shifts were associated with altered metabolites to promote
lipid deposition and inflammation in hepatocytes, accelerating MASLD progression [119].
Conversely, interventions aimed at improving gut microbial profile such as herbal medica-
tions have been shown to enhance the abundance of SCFA-producing bacterial families
such as Christensenellaceae and Prevotellaceae that positively regulate SIRT/Nrf2 signaling
pathways in hepatocytes [120] leading to enhanced bile acid pool, increased SCFA con-
centrations, reduced oxidative stress, and decreased hepatic fat deposition [120]. These
microbial metabolites are essential mediators of SIRT2 activity as SCFA, such as butyrate,
influence its activity by increasing NAD+ concentrations, a cofactor for SIRT2 reactions,
and through its inherent histone deacetylase inhibitor activity influencing epigenetic mod-
ulation of SIRT2 genes [121,122].

In murine models of MASLD, dysbiosis-associated species such as Clostridium sensu
have been shown to alter bioavailability of glycine, a glutathione precursor, enhancing fatty
liver deposition and fibrotic progression due to increased oxidative stress [123]. Supplemen-
tation of glycine in these dysbiotic mice attenuated NF-κβ-mediated hepatic inflammation,
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improved fatty acid oxidation, reduced lipotoxicity, and promoted glutathione synthesis
(Figure 4) [123]. Glutathione, a potent antioxidant, plays an important role in mitigating
cellular oxidative damage in hepatocytes, and its reduced activity has been implicated in
the pathogenesis of liver disease [124]. Thus, the availability of glutathione precursors is
essential for de novo glutathione synthesis and for preventing disease progression. Interest-
ingly, interactions between Nrf2 and NF-κβ appear interrelated in modulating fatty liver
development. For example, polysaccharide supplementation has been shown to influence
expression of both transcription factors, effectively mitigating oxidative and inflammatory
stress to alleviate hepatotoxicity and steatosis in murine models [125]. Taken together, these
findings provide robust evidence linking gut microbiota metabolites, oxidative stress, and
their impact on liver fat accumulation and MASLD progression.

3. Harmful Dietary Patterns for MASLD
Harmful dietary patterns negatively impact gut microbial composition, contributing

to the development and progression of MASLD [126]. Diets characterized by high-caloric
intake such as those rich in saturated fats, trans fats, cholesterol, and fructose-sweetened
beverages, along with diets low in protein concentrations, promote lipid accumulation
in the liver through microbiota-mediated mechanisms [127,128]. These changes serve
as important factors in driving inflammation and progressive fibrosis [129]. Notably, the
Western diet, which is marked by a high intake of processed foods, refined sugars, saturated
fats, and animal proteins, coupled with a significant reduction in plant-based foods, have
been shown to directly impacts liver health [130]. Processed foods, often containing
additives and preservatives, disrupt gut microbiota balance, further exacerbating metabolic
dysfunctions and promoting fat accumulation in the liver, ultimately progressing to non-
alcoholic steatohepatitis [126,130]. In the following subsections, we explore the adverse
effects of high-fructose, high-cholesterol, high-saturated-fat, and low-protein diets, focusing
on their impact on gut microbiota and liver fat accumulation (Figure 5).
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Figure 5. Effects of harmful dietary patterns on gut microbiota in MASLD. A high-fructose diet is
shown to increase lipogenic pathways, impair fat oxidation, and induce inflammation and cellu-
lar stress. Low-protein diets deplete amino acid pools and induce inflammation. Saturated fatty
acids confer lipotoxicity and cellular stress in hepatocytes while inducing insulin resistance. High-
cholesterol diets also confer lipotoxicity, as well as mitochondrial and microcirculatory dysfunction.
The Western diet impairs lipid metabolism, enhances lipid accumulation in the liver, and worsens
oxidative stress and inflammation. Associated microbiota changes are shown within the figure.
Abbreviations: ↑, increased abundance; ↓, decreased abundance.
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3.1. Highly Processed Fructose Diet, Gut Microbiota, and MASLD

Fructose, a naturally occurring monosaccharide, is commonly found in a variety of
foods. Pome fruits, such as apples and pears, contain approximately 6 g of fructose
per 100 g, while berries provide around 7.5 g per 100 g, and natural honey contains
roughly 40 g per 100 g [131]. Fructose is also present in synthetic honey [132]. During
food processing, fructose undergoes chemical reactions, such as polymerization and con-
densation, particularly when exposed to heat. These reactions generate compounds like
aldehydes, reducing ketones, and heterocyclic compounds, contributing to food flavor
through the Maillard reaction [133]. It is also important to differentiate between natural
and processed sources of fructose [134]. Natural sources, as previously mentioned, are
found in minimally processed fruits, honey, and other whole foods. These sources contain
additional nutrients sources such as fiber that slows sugar absorption. Conversely, due to
its intense sweetness, ability to enhance flavor, and high palatability, processed fructose is a
frequent additive to processed foods and beverages. A leading example is high-fructose
corn syrup (HFCS), widely used in soft drinks, preserved jams, breakfast cereals, and baked
goods, playing a significant role in the profitability of the food industry [135–137]. Over
the past four decades, fructose consumption has risen steadily among both adults and
children. Globally, added sugars constitute approximately 15% of total daily energy intake
with fructose, accounting for nearly half of this percentage [138]. Common sweeteners
include sucrose, which contains 50% fructose, and HFCS, which can contain up to 55% fruc-
tose [139]. This increased incorporation of excessive fructose into diets has led to significant
metabolic disadvantages with strong associations observed with steatotic liver disease,
obesity, T2DM, and dyslipidemia [139]. While natural fructose from plant sources generally
provides metabolic benefits largely due to the slower absorption and the presence of fiber
and antioxidant, industrial fructose, such as HFCS and sucrose, particularly in liquid form,
is rapidly absorbed and contributes to hepatic insulin resistance and MASLD. Notably,
consumption of beverages with high HFCS content nearly triples the risk of developing
MASLD [140].

Several experimental studies have highlighted the relationship between fructose intake
and MASLD. In a study on female rats receiving isocaloric solutions of fructose or glucose
for two months, only fructose led to hepatic steatosis without causing inflammation or ox-
idative stress. Additionally, fructose supplementation disrupted insulin signaling in major
insulin-sensitive tissues, independent of increased caloric intake [141]. In another study,
mice consuming fructose water (15% solution), sucrose (10%, a common soft drink), or arti-
ficial sweetener (0% calories) showed that fructose water significantly increased adiposity
and induced lipid accumulation in the liver, despite no substantial change in total energy
intake [142]. A study on Wistar rats compared the effects of fructose- and fat-enriched
diets on non-alcoholic steatohepatitis. Rats fed a fructose-rich diet (70%) showed greater
macrovesicular steatosis and lobular inflammation as well as higher hepatic triglyceride
concentrations than rats maintained on high-fat (15%) or sucrose (70%) diets [143].

In clinical studies, a survey of 283 Lebanese adults reported an average daily fructose
intake of approximately 51 g, with 12 g of fructose naturally found in foods and 39 g from
added fructose [144]. This study also found an association between high total and added
fructose consumption and increased risk of metabolic syndrome [143]. The metabolism
of fructose exceeding 25 g/day is challenging for the body, particularly industrially pro-
cessed fructose, which is rapidly absorbed and poses significant metabolic challenges [145].
Absorbed fructose stimulates hepatic lipogenesis, while unabsorbed fructose disrupts
metabolic balance, contributing to MASLD progression [146]. Ouyang et al. [146] found
that patients with steatotic liver disease consumed 2–3 times more fructose than control
subjects, suggesting that excessive fructose consumption plays a significant role in MASLD
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development. In another study, 80% of steatotic liver disease patients consumed more
than 500 mL/day of soft drinks, compared to just 17% of healthy individuals. These pa-
tients derived 40% of their carbohydrates from soft drinks, compared to only 8% in healthy
individuals [147]. The study also found that high consumption of these beverages was
an independent predictor of fatty liver, regardless of metabolic syndrome status [147].
Conversely, a pilot study showed that reduction of fructose intake by 50% in patients
with steatotic liver disease showed significantly decreased hepatic lipid content, plasma
transaminase levels, Body Mass Index, fasting plasma insulin, endotoxin concentrations,
and plasma plasminogen activator inhibitor-1 (PAI-1) after six months [148].

Several mechanisms have been proposed to explain how a high-fructose diet promotes
MASLD. Fructose consumption drives hepatic fat accumulation by serving as both a sub-
strate and an inducer of de novo hepatic lipogenesis, leading to increased fat production
in the liver [149]. This process is facilitated by the activation of key transcription factors
such as ChREBP and SREBP1c, which regulate genes involved in gluconeogenesis and
lipogenesis, both of which are activated by fructose metabolism [150]. Another proposed
mechanism involves the disruption of fatty acid oxidation. Fructose metabolism via fructok-
inase C consumes ATP, reducing the energy available for lipid oxidation, thus promoting fat
accumulation in the liver [151]. Additionally, fructose increases malonyl-CoA levels, which
inhibits fatty acid oxidation and further amplifies fat deposition, contributing to hepatic
steatosis [152]. Fructose also triggers hepatic inflammation, cellular stress, oxidative stress,
and endoplasmic reticulum stress, all of which accelerate disease progression [149]. No-
tably, Li et al. identified Usp2 as a fructose-sensitive gene in the liver, with elevated levels
of USP2 detected in hepatocytes of mice with MASLD, as well as in primary hepatocytes
exposed to fructose [140]. USP2 is a regulator of hepatic gluconeogenesis, and therefore
overexpression of USP2 amplified lipid accumulation, glucose intolerance, and metabolic
inflammation, while reducing its expression mitigated fructose-induced effects [140,153].

A study on mice with steatotic liver disease showed that a long-term diet high in fats
and fructose increased the abundance of bacterial genera such as Helicobacter, Faecalibaculum,
Lachnoclostridium, Allobaculum, Odoribacter, and Mucispirillum [154]. These bacteria were
associated with MASLD pathogenesis, obesity, oxidative stress, and intestinal inflammation,
with some, like Allobaculum and Odoribacter, potentially increasing the risk of diabetes,
exacerbating hepatic fat accumulation [154]. Another study on mice fed a fructose-rich diet
for 12 weeks reported a decreased Bacteroidetes/Firmicutes ratio and an increase in Blautia,
Lachnoclostridium, and Oscillibacter [155]. Several studies have shown that fructose intake
increased the abundance of bacterial strains like Coprococcus and Ruminococcus [156], raising
the Firmicutes/Bacteroidetes ratio [157–159], and reduced the abundance of the Bacteroidetes
phylum [157]. Additionally, fructose consumption has been linked to increased levels of
pathogenic bacteria, including Deferribacteraceae and Helicobacteraceae [159]; a decrease in
Actinobacteria diversity in rats [158]; and an increase in Deferribacteres, Verrucomicrobia, and
Actinobacteria phyla along with higher levels of Bacteroides, Akkermansia, and Ruminococcus
genera [159].

In a study involving 12 healthy women, a high-fructose diet (100 g/day) led to
an increase in Firmicutes and beneficial butyrate-producing bacteria such as Faecalibac-
terium, Anaerostipes, and Erysipelatoclostridium, while it decreased Bacteroidetes and Parabac-
teroides [160]. However, a diet supplemented with fructose syrup (100 g/day) resulted
in a decrease in Firmicutes and Ruminococcus, while increasing Bacteroidetes, compared
to a fruit-rich diet. Compared to a low-fructose diet (<10 g/day), the fructose-syrup-
supplemented diet led to a decrease in Faecalibacterium and Erysipelatoclostridium [160].
These findings collectively suggest that excessive fructose consumption, particularly from
industrial sources, induces an imbalance in the gut microbiota, reducing beneficial commen-
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sal microorganisms that help maintain intestinal barrier integrity. These changes contribute
to increased intestinal permeability, leading to endotoxemia and excessive nutrient absorp-
tion, which in turn promotes hepatic inflammation and fat accumulation in the liver [146].
In summary, the cinsumption of processed sources of fructose has been shown to exert
detrimental effects on hepatic pathophysiology. Therefore limiting the intake of HFCS,
industrial sweeteners, and sucrose is an important strategy for attenuating the progression
of hepatic steatosis.

3.2. Low-Protein Diet, Gut Microbiota, and MASLD

Research has shown significant associations between protein-deficient, carbohydrate-
rich diets, which are commonly seen in vulnerable populations, and hepatic lipid accu-
mulation. For example, severely malnourished children not only exhibit hepatic steatosis
but also experience other metabolic disturbances and increased oxidative stress [161]. The
development and maintenance of muscle mass are closely dependent on adequate protein
intake. While the recommended daily intake for healthy adults is 0.8 g/kg body weight,
individuals with sarcopenia, the elderly, and patients with various conditions such as liver
or lung diseases require higher protein intakes to preserve muscle mass. It is recommended
that these individuals increase their protein intake to 1.2–1.5 g/kg body weight [162].

In animal studies, rats on a low-protein diet (8%) for four weeks developed hepatic
steatosis, which was associated with increased enzyme activity involved in fat synthesis and
a reduction in lipoprotein secretion, responsible for transporting fats from the liver [163].
Another study on weaned rats fed different diets for 30 days showed that a low-protein
diet (3%) led to hepatic steatosis. Interestingly, supplementing this diet with medium-
chain triglycerides resulted in a reduction in hepatic fat deposits [164]. A low-protein diet
inhibits the activation of the PPARα gene, which plays a critical role in regulating hepatic
metabolism during nutritional restriction. Laboratory research has shown that fish protein
supplementation restores expression of PPARα target genes, such as ACOX1 and CPT2,
stimulating fatty acid oxidation in the liver and providing hepatoprotection [165]. Protein
deficiency can also impair liver function by disrupting the amino acid profile, particularly
by reducing glycine and serine levels, which are essential for liver function and metabolic
processes [166]. Additionally, insufficient protein intake alters plasma concentrations
of amino acids, such as branched chain amino acids, which are linked to increased fat
accumulation in the liver [167,168]. Furthermore, low-protein diets can affect lipolytic
and lipogenic pathways in the liver and adipose tissue, promoting liver fat accumulation
and inflammation [169]. These diets also influence inflammatory markers such as CRP,
TNF-α, and IL-6, which are implicated in the development and progression of steatotic
liver disease, contributing to hepatic inflammation and fibrosis [169,170].

A study by Masuoka et al. on pathogen-free mice fed diets with varying protein
content (3%, 6%, 9%, or 12%) for four weeks showed that mice on the 3% protein diet had
increased abundance of Actinobacteria, Proteobacteria, Acinetobacter, Enterobacter, Enterococ-
cus, Microbacterium, Corynebacterium, Jeotgalicoccus, and Citrobacter, while the abundance of
Bacteroidetes, Tenericutes, Lactobacillus, Lactococcus, Muribaculum, and Dorea decreased [171].
In a different clinical study conducted on 20 children, with varying nutritional statuses,
better nutritional status was positively correlated with increased abundance of Roseburia,
Faecalibacterium, Butyrivibrio, and the phylum Synergistetes. Conversely, poorer nutritional
status was associated with a higher abundance of potentially pathogenic bacteria including
Escherichia, Streptococcus, Shigella, Enterobacter, Veillonella, and the phylum Proteobacte-
ria [161]. Notably, protein supplementation in steatotic liver disease models was associated
with improvements in gut microbial composition, reversing dysbiosis associated with
nutritional deficiencies [172].
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In summary, states of protein deficiency shift metabolic focus to amino acids as a source
of energy, leading to liver fat accumulation and inflammation. These inflammatory changes
are partly attributed to microbiota imbalance during nutritional deficiency as reduced
availability of substrates for beneficial bacteria leads to the overproduction of harmful
metabolites [173]. Consequently, individuals with MASLD require higher protein intake
(1.2–1.5 g of protein per kilogram of body weight) than those without liver disease, given the
inherent propensity of muscle wasting associated with liver dysfunction [174]. Therefore,
monitoring protein intake is an important component of preventing liver disease and is
recommended in individuals with ongoing liver dysfunction to support hepatic function.

3.3. Saturated Fatty Acids, Gut Microbiota, and MASLD

Foods rich in saturated fats include both animal-based products, such as cream, butter,
whole dairy, and fatty meats, as well as some plant-based oils like coconut oil and palm
kernel oil. Additionally, many processed foods, such as pizza, dairy desserts, and sausages,
are significant sources of saturated fats [175]. Excessive consumption of these fats is linked
to insulin resistance and elevated LDL cholesterol levels, both of which negatively impact
metabolic health [176].

A cross-sectional nationwide study using data from the 2017–2018 National Health
and Nutrition Examination Survey (NHANES) found that daily intake of saturated fatty
acids was 29.7 g in patients with MASLD without advanced fibrosis and 34 g in those
with advanced fibrosis compared to 27.9 g in the control group [177]. Similarly, a study
involving 160 patients with steatotic liver disease and 160 healthy controls found that
steatotic liver disease patients consumed substantially more saturated fatty acids than
the control group. Their intake correlated with an increased risk of steatotic liver disease,
especially when it exceeded 8% of total daily calories. High saturated fat intake was also
associated with increased hepatic fat content, elevated liver enzymes, higher atherogenic
lipids levels, and elevated plasma ceramides [178]. Further, Luukkonen et al. demonstrated
that saturated fat supplementation in overweight individuals led to the greatest increase
in intrahepatic triglycerides, promoting insulin resistance and the harmful accumulation
of ceramides [179]. Similarly, a study on overweight and obese patients confirmed these
findings, showing that saturated fat supplementation significantly increased hepatic fat
content and elevated liver enzymes, atherogenic lipids, and circulating ceramides [180].
Experimental studies have shown that the combination of saturated fatty acids and dietary
cholesterol exacerbates hepatic inflammation and metabolic dysfunction, accelerating
MASLD progression and fibrotic changes [181]. Consequently, reducing saturated fat and
cholesterol intake may represent an effective therapeutic strategy for MASLD, potentially
improving lipid profiles and reducing cardiovascular risk [182].

The link between saturated fatty acid intake and MASLD development involves sev-
eral mechanisms, including lipotoxicity and cellular stress. Elevated levels of saturated
fatty acids can cause endoplasmic reticulum stress, triggering pathways that lead to hepa-
tocyte death and impaired liver function, key contributors to the development of steatotic
liver disease [183]. Additionally, saturated fatty acids impact mitochondrial efficiency,
promoting the formation of reactive oxygen species, which damage cellular structures
and promote inflammation, cell death, and liver fibrosis [183]. Saturated fatty acids can
also interact with lipopolysaccharides, amplifying inflammatory responses in hepatocytes
and increasing the production of pro-inflammatory cytokines, such as IL-6, to accelerate
disease progression [184]. These fats disrupt energy homeostasis by altering carbohydrate
and lipid metabolism, exacerbating metabolic syndrome and predisposing individuals to
MASLD [182]. Further, excessive intake of saturated fatty acids rapidly induces insulin re-
sistance in the liver and adipose tissue, disrupting energy balance and promoting hepatic fat
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accumulation. This metabolic shift is mediated by epigenetic mechanisms that up-regulate
genes involved in hepatic lipogenesis such as PPARγ, very low-density lipoprotein receptor
(VLDLR), and CD36, contributing to the onset of steatotic liver disease and intensifying the
effects of metabolic syndrome [185,186].

High saturated fat intake has been associated with an increased Firmicutes/Bacteroidetes
ratio, a marker linked to several pathological conditions, including obesity, T2DM, and
other metabolic diseases [187]. In a study of 531 Finnish men, the abundance of the
Blautia genus was positively correlated with the consumption of both saturated and mo-
nounsaturated fatty acids [188]. Similarly, in overweight and obese women, saturated fat
intake was negatively associated with gut microbiota diversity and richness [189]. Other
studies reported associations between saturated fat intake and increased abundance of
genera such as Fusobacterium and Tyzzerella in individuals with normal colon findings [190],
and with Anaerotruncus, Lachnospiraceae, Eisenbergiella, Flavonifractor, Campylobacter, and
Erysipelotrichaceae in healthy subjects [191]. In experimental models, mice fed a lard-based
diet for 11 weeks had increased abundance of Bacteroides, Turicibacter, and Bilophila gen-
era [192]. These microbial alterations, driven by high saturated fat intake, may contribute to
systemic inflammation, metabolic dysfunction, and the progression of MASLD. Therefore,
limiting intake of saturated fats is an important factor in microbial and liver health.

3.4. High Cholesterol, Gut Microbiota, and MASLD

Major dietary sources of cholesterol include egg yolks, shrimp, beef, pork, and poultry,
as well as cheese and butter [193]. Recent research suggests that excessive cholesterol intake
may significantly contribute to the growing prevalence of MASLD [193]. For example, in a
study of 1648 MASLD patients and 2527 control individuals, daily cholesterol intake for
those with MASLD without advanced fibrosis was 305.4 mg, while those with advanced
fibrosis consumed 413.9 mg compared to 293.6 mg intake in the control group [177]. Like-
wise, Musso et al. reported that patients with steatotic liver disease consumed 506 mg of
cholesterol per day, significantly more than the 405 mg/day consumed by controls [194].

In a 2015 case–control study, consuming 2–3 eggs per week was associated with
a 3.56-fold increased risk of developing steatotic liver disease compared to consuming
fewer than two eggs per week. After adjusting for known risk factors, this risk increased
to 3.71-fold [195]. Similarly, a large cohort study involving 14,369 participants found
that individuals with the highest egg consumption had an 11% higher risk of hepatic fat
accumulation compared to those with the lowest consumption [196]. The Golestan Cohort
Study also identified a positive association between red and organ meat consumption and
steatotic liver disease risk [197]. Furthermore, a case–control analysis linked steatotic liver
disease development to high cholesterol intake and the consumption of red meat, processed
red meat, and poultry [198].

Several experimental studies have explored the effects of cholesterol consumption
on MASLD. Mells et al. showed that increased dietary cholesterol intake significantly
elevated serum leptin and IL-6, liver weight, and fibrosis, as well as up-regulating smooth
muscle α-actin in adult male mice [199]. In another study, mice fed a high-fat diet
containing 1.25% cholesterol and 0.5% cholic acid, combined with 2% hydroxypropyl-β-
cyclodextrin in drinking water, developed steatotic liver changes and insulin resistance
within three weeks [200,201]. Research conducted over 14 months examining the effects of
various diets in male mice found that high cholesterol intake promoted the progression
from steatosis to steatohepatitis, fibrosis, and eventually hepatocellular carcinoma. These
effects were associated with insulin resistance and gut microbiota changes, including in-
creased abundance of Mucispirillum, Desulfovibrio, Anaerotruncus, and Desulfovibrionaceae
families along with reduced populations of Bifidobacterium and Bacteroides. Germ-free
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mice transplanted with microbiota from cholesterol-fed mice also developed hepatic lipid
accumulation, inflammation, and cellular proliferation [202]. A 2023 study further demon-
strated the role of cholesterol in MASLD, demonstrating increased BSH-activity in bacteria
such as Bacteroides, Clostridium, and Lactobacillus in mice fed a high-fat, high-cholesterol
diet [203]. A randomized controlled trial involving 49 healthy participants also found
a positive correlation between cholesterol intake and the abundance of Proteobacteria, a
bacterial group linked to low-grade inflammation [204].

Excess accumulation of cholesterol in the liver plays a critical role in MASLD pro-
gression. The resultant lipotoxicity, a toxic chain reaction, compromises mitochondrial
function and reduces liver cell regenerative capacity. The process involves formation of
oxysterols, which further amplifies mitochondrial damage, impairs cellular energy produc-
tion, and promotes the transition from hepatic steatosis to inflammation [205]. In addition,
cholesterol disrupts cellular functions, induces inflammation, and impairs microscopic
blood circulation in the liver. This process involves mitochondrial and lysosomal dys-
function; the formation of cholesterol crystals that damage hepatocytes; and activation of
the transcription factor HIF-1α, which worsens inflammation and hepatic fibrosis. This
cascade of events reduces liver blood flow, further aggravating liver damage [206,207].
These findings underscore the detrimental effects of excessive dietary cholesterol on liver
health and its significant role in MASLD pathogenesis, emphasizing the importance of
dietary modification as a preventive and therapeutic strategy.

3.5. Western Diet, Gut Microbiota, and MASLD

The Western diet is characterized by excessive consumption of processed and re-
fined foods, including fast food, sugary carbonated drinks, and packaged snacks. These
foods are typically high in added sugars, salt, unhealthy fats, and additives designed
to enhance flavor and extend shelf life. In addition, the diet includes a high intake of
red and processed meats, as well as saturated and trans fats [208]. A case–control study
involving 320 participants found that adherence to the Western dietary pattern was a signif-
icant risk factor for steatotic liver disease [209]. In addition, a recent 2024 study comparing
the effects of a low-carbohydrate, high-fat diet with a Western diet rich in fats and sugars
in male C57BL/6J mice further confirmed that the Western diet led to obesity, glucose
intolerance, elevated insulin levels, and the onset of MASLD [210]. Mirmiran et al. ob-
served a positive association between high adherence to the Western diet and increased
risk of hepatic fat accumulation with participants exhibiting a 2.6-fold greater likelihood of
developing steatotic liver disease compared to those with low adherence [211]. Additional
studies further corroborate the relationship between the Western diet pattern and elevated
risk of steatotic liver disease [212,213].

Further, a six-month study on male C57BL/6 mice reported extensive macro- and
microvesicular hepatic steatosis; pericellular fibrosis; hepatic stellate cell activation; in-
filtration of CD68+ macrophages; and increased pro-inflammatory proteins such NF-κβ
(p65), IL-6, and TNF-α. This was accompanied by a reduction in the antioxidant regulator
Nrf2 [214]. The study also showed decreased bacterial diversity, increased abundance of
Firmicutes and Proteobacteria, a reduction in Bacteroidetes and Fusobacteria, and an altered
Firmicutes/Bacteroidetes ratio [214]. Further studies have corroborated these findings,
showing that the Western diet exacerbates liver inflammation through the activation of
pro-inflammatory molecules such as IL-6 and TNF-α while reducing the liver’s antioxidant
capacity [215–217]. These pro-inflammatory effects induce endoplasmic reticulum stress,
further aggravating cellular damage and promoting hepatic fibrosis [217]. Notably, supple-
mentation with amino acids in murine models adhering to a Western diet was shown to
decrease lipid deposition, reduce hepatic inflammation, preserve antioxidant status, and
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increase the levels of Bacteroides/Prevotella. This suggests that some protective effects of
amino acid supplementation may be mediated through gut microbiota [217].

High added sugar consumption associated with the Western diet increases Firmi-
cutes/Bacteroidetes ratio and reduces butyrate-producing bacteria, such as Lachnobac-
terium [218]. In contrast, consumption of refined palm oil appears to negatively affect gut
microbiota by reducing beneficial bacteria like Akkermansia muciniphila, SFB, and Clostrid-
ium leptum [219]. On the other hand, refined olive oil (as opposed to extra virgin olive
oil) has been associated with an increase in the abundance of bacterial families such as
Desulfovibrionaceae, Spiroplasmataceae, and Helicobacteraceae, while decreasing the abundance
of Erysipelotrichaceae and Sutterellaceae [220]. Sunflower oil increases the abundance of
Sphingomonas and Neisseria spp. while reducing beneficial bacteria such as Akkermansia
muciniphila and Bifidobacterium [221]. High red meat consumption has been linked to an
increased abundance of Fusobacterium nucleatum, Streptococcus bovis/gallolyticus, Escherichia
coli, and Bacteroides fragilis [222]. High salt intake has been associated with a decrease
in the abundance of Lactobacillus sp., Oscillibacter, Pseudoflavonifractor, Clostridium XIVa,
Johnsonella, and Rothia while increasing the abundance of Parasutterella spp., the Erwinia
genus, Christensenellaceae, Corynebacteriaceae, Lachnospiraceae, and Ruminococcus [223–225].

Collectively, these changes are indicative of gut dysbiosis, increased intestinal per-
meability, and bacterial translocation, leading to elevated endotoxins reaching the liver,
causing inflammation and fibrosis and the progression of MASLD, highlighting the influ-
ence of the Western diet on disease pathogenesis. Moreover, the Western diet combines
several harmful food components including fructose, saturated fats, and high cholesterol,
which collectively exert compounding effects on gut microbiota and liver fat accumula-
tion. Therefore, avoiding food sources characteristic of the Western diet and adhering to
the healthier dietary patterns outlined in Section 4 is an important recommendation for
preserving liver health.

4. Healthy Dietary Patterns and MASLD
Healthy dietary patterns have been studied for their role in improving metabolic

parameters with modulation of gut microbiota and their metabolites as key factors in
driving their beneficial effects [226] (Table 1). Among these are the low-glycemic-index
Mediterranean diet, the ketogenic diet, intermittent fasting, and a high-fiber diet [227]. In
the following subsections, we explore the general composition of each of these diets, their
effects on gut microbiota, and how these microbial changes contribute to reducing liver fat
accumulation and mitigating the progression of steatotic liver disease (Figure 6).

Table 1. Effects of dietary patterns on gut microbiota, related metabolites, and MASLD. Abbreviations:
MASLD, metabolic-dysfunction associated steatotic liver disease; OR, odds ratio; TC, total cholesterol;
kPa, kilopascal; ALT, alanine aminotransferase; WBC, white blood cell; CRP, C-reactive protein;
OTU, operational taxonomic units; r, correlation coefficient; LPS, lipopolysaccharides; bsh, bile-salt
hydrolase; AST, aspartate aminotransferase; BMI, Body Mass Index; PPARα, peroxisome-proliferator-
activated receptor alpha; PCK1, phosphoenolpyruvate carboxykinase 1; FAS, fatty acid synthase;
SCFA, short-chain fatty acids; TLR, toll-like receptor.

Dietary Intervention Study Type/Study Duration/Sample Size Results/Implications Reference

Low-glycemic
Mediterranean diet

(MedDiet)

Retrospective cohort study/2 years/5395
patients

High adherence to the diet was significantly associated
with lower rates of MASLD (OR = 0.839)
Lowered triglycerides, glucose index, atherosclerosis

[228]

Meta-analysis/10 studies (mean duration
6 weeks to 1 year)/737 patients

Reduced MASLD severity, TC, liver fibrosis, waist
circumference
Reduced liver stiffness by 0.42 kPa

[229]

Meta-analysis/26 studies/3037 patients Reduced ALT, fatty liver index, and liver stiffness [230]
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Table 1. Cont.

Dietary Intervention Study Type/Study Duration/Sample Size Results/Implications Reference

Low-glycemic
Mediterranean diet

(MedDiet)

Prospective study/100 patients High adherence to the diet improved fatty acid profile,
inflammatory status, and oxidative stress [12]

RCT/5 years/109 patients

Adherence increased Lachnospiraceae, Rumminococcacae,
and Oscillospiraceae
Genera Ruminococcus, Akkermansia, Eubacterium, Dialister,
Alistipes, and Clostridium
Reduced severity of liver steatosis

[231]

RCT/1 year/297 patients

Distinct differences in microbial composition depending
on degree of fibrosis (Tertile 1–3)
Tertile 3 showed decrease Enterobacteriaceae and increase
Sutterella, Faecalibacterium, and Blautia in response to
MedDiet

[232]

Meta-analysis/37 articles

Adherence increased microbial diversity and
Faecalibacterium and Prevotella
Reduced inflammation, improved glycemic control,
lowered fat mass, and hospitalization risk

[233]

Ketogenic diet (KETO)

Experimental study/6 days/10 patients

Short-term KETO decreased intrahepatic triglycerides by
31% and hepatic insulin resistance by 58%
238% increase in portioning of fatty acids towards
ketogenesis
50% drop in insulin levels
167% improvement in hepatic mitochondrial redox state

[234]

Prospective study/8 weeks/87 patients
Decreased WBC count, TC, insulin resistance, and liver
fibrosis
Reduced low-grade inflammation

[235]

Pilot study/3 weeks/15 patients

Decreased body weight by 3.6%, liver fat by 65%, and
CRP by 19%
Decreased Lachnospira
Increased Butyricicoccus and Blautia
Liver fat was negatively correlated with Rumminococcacae
(OTU, r = −0.83)

[236]

RCT/1 month/44 patients

Increased Phascolarctobacterium faecium and Ruminococcus
bromii
Decreased LPS-related signaling
Improved mitochondrial function and monocyte
dependence

[237]

Comparative study/4 weeks/17 patients
Altered community structure of bsh-active gut
microbiota
Increased Bacteroidetes and decreased Actinobacteria

[238]

Intermittent fasting (IF)

Meta-analysis/fourteen studies/840
patients

Improved serum ALT, AST, and hepatic steatosis
Improved body weight, BMI, and waist-to-hip ratio [239]

Experimental study/5:2 IF
regimen/murine model

5:2 regimen increased PPARα and PCK1 to lower hepatic
triglycerides and hepatic steatosis
Decreased inflammation and fibrosis

[240]

Experimental study/time-restricted
feeding for 15 weeks/murine models

Improved expression of FAS and PPARα genes
Enrichment of metabolites associated with lipolysis, fat
digestion, and absorption
Improved MASLD parameters including body fat ratio,
AST, TC, blood glucose, and triglycerides

[241]

Meta-analysis/8 studies/(n = 9 to n = 80
in those 8 studies)

Significant improvements in microbial richness and
α-diversity [242]

Prospective study/3 weeks/72 patients

5:2 IF regimen enriched Parabacteroides distasonis and
Bacteroides thetaiotaomicron
Increased SCFA production
Improved metabolic parameters

[243]
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Table 1. Cont.

Dietary Intervention Study Type/Study Duration/Sample Size Results/Implications Reference

High-fiber diet

Cross-sectional study/N/A/1465 patients

Highest tertile of dietary fiber consumers was associated
with lower odds of steatotic liver disease (OR = 0.81) and
clinically significant fibrosis (OR = 0.81) compared to the
lowest tertile

[244]

Retrospective study/N/A/6613 patients

Dose response effects of increased dietary fiber with
reduced steatotic liver disease risk
Bottom half of fiber consumers exhibited similar results,
though the top quartiles had significantly lower odds of
disease onset

[245]

Experimental study/2 months/26 patients
Increased concentrations of SCFA (acetate and butyrate)
Amount of fiber improved phyla diversity in MASLD
patients at one month and two months

[246]

Experimental study/24 weeks/murine
model

Expansion of Ruminococcus and Lactobacillus
Reduced translocation of TLR
Reversed inflammatory and fibrotic changes associated
with diet-induced MASLD

[247]

Experimental study/murine models

Increased abundances of SCFA-producing genera
Bifidobacterium, Phascolarctobacterium, and Blautia
Improved tight junction proteins and fortified intestinal
barrier
Alleviated hepatic steatosis

[248]

Experimental study/4 weeks/murine
models.

Inulin supplementation increased relative concentrations
of Akkermansia fivefold
Improved hepatic steatosis
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profiles, reversing the effects of high-fat dietary habits, decreasing proinflammatory 
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Figure 6. Effects of beneficial dietary patterns on gut microbiota in MASLD. The Mediterranean diet
is shown to improve systemic inflammation and improve metabolic parameters, observed through
increased insulin sensitivity with the reduction of lipogenesis and associated hepatic fat accumulation.
A ketogenic diet is shown to increase abundances of BSH-active bacterial species, thereby improving
bile acid metabolism, improving MASLD parameters. Intermittent fasting enhances autophagy;
clears excess lipid droplets from hepatocytes; and reduces oxidative stress, inflammation, and fibrosis.
Diets high in fiber augment mitochondrial function and attenuate metabolic stress while mitigating
systemic and hepatic inflammation. The microbial changes from these dietary interventions can slow
the progression of MASLD through these mechanisms. Abbreviations: MedDiet, Mediterranean diet;
KETO, ketogenic diet; ↑, increased abundance; ↓, decreased abundance, X, mitigates or reduces.
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4.1. Mediterranean Diet, Gut Microbiota, and MASLD

The Mediterranean diet (MedDiet) is a low-glycemic, plant-based diet rich in nuts,
whole grains, wheats, fruits, vegetables, olive oils, fibers, and polyphenols [250]. This
nutrient-dense diet has demonstrated substantial benefits in managing metabolic disease, in-
cluding MASLD, through the reduction of hepatic fat accumulation, improvement of insulin
sensitivity, promotion of anti-inflammatory effects, and mitigation of progression of liver
fibrosis [12,230]. In general, hepatic steatosis is shown to be inversely correlated with ad-
herence to the MedDiet [251]. For example, a recent retrospective study of 5395 individuals
showed that higher adherence to the MedDiet was associated with lower rates of steatotic
liver disease, along with reduced triglyceride levels and improved glucose indices [228]. A
meta-analysis of 10 randomized controlled trials involving 737 adult patients with steatotic
liver disease showed that the MedDiet adherence resulted in reduced liver stiffness and total
cholesterol levels, with intervention durations ranging from 6 weeks to 1 year [229]. An-
other meta-analysis further demonstrated dose-dependent improvements in liver enzymes,
fatty liver index, and fibrosis with increased caloric restriction following the MedDiet [230].
Similarly, the MedDiet enhances fatty acid profiles, reversing the effects of high-fat dietary
habits, decreasing proinflammatory markers, and improving oxidative stress in patients
with steatotic liver disease [12]. These effects of the MedDiet are augmented when com-
bined with regular physical activity [252].

The MedDiet’s ability to modulate gut microbial composition plays a crucial role
in mediating its beneficial effects on steatotic liver disease [231]. Stool sample analysis
of patients with steatotic liver disease who adhered to the MedDiet for 90 days showed
increased abundances of Rumminococcacae, Lachnospiraceae, and Oscillospiraceae, as well as
the genera Ruminococcus, Akkermansia, Dialister, Alistipes, and Eubacterium [231]. These
changes contribute to improved outcome in hepatic steatosis. For example, the Rumminococ-
cacae family is inversely associated with fibrosis severity in non-obese individuals with
steatotic liver disease, and its sub-genera Ruminococcus reduces liver damage through
decreases in liver enzymes [253]. The beneficial effects of Rumminococcacae are associated
with the bile salt hydrolase (bsh) gene, an important mediator of bile salt deconjugation
and maintenance of beneficial bile acid pools. Increased bsh expression improves hepatic
steatosis through multiple mechanisms including enhanced FXR signaling, cholesterol
homeostasis, and inhibition of liver fat deposition [109,254]. Along with Rumminococcacae,
elevation of Akkermansia symbiotically enhances gut barrier integrity through the increased
expression of tight junction proteins and reinforcing thickness of the mucous lining of
the gut epithelium to mitigate metabolic endotoxemia [255]. Further, Alistipes, inversely
associated with MASLD pathogenesis parameters [40], may mediate beneficial effects of
the MedDiet through the production of acetate and propionate to mitigate hepatic inflam-
mation [256]. The PREDIMED-Plus trial further supports these findings, showing that
one year of MedDiet adherence improved microbial diversity and positively influenced
Fibrosis-4 (FIB-4) scores, with the most significant effects observed in individuals with
early-stage fibrosis [232].

A systematic review of 37 studies demonstrated consistent increases in Faecalibacterium
and Prevotella with MedDiet adherence, leading to improved glycemic control, reduced
steatosis, and decreased low-grade systemic inflammation [233]. Murine models of steatotic
liver disease have shown that Faecalibacterium strains mitigate disease, improving glucose
tolerance, adipose tissue function, and liver fat accumulation [257]. Structural abnormal-
ities of hepatic lobules, indicated by intracytoplasmic lipid, were improved following
Faecalibacterium introduction [257]. Additionally, lower mRNA expression of proinflam-
matory cytokines including TNF-α and IL-6 along with increased activity of superoxide
dismutase and glutathione peroxidase were observed in Faecalibacterium-treated groups,
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indicating an improved inflammatory and oxidative profile [257]. These beneficial effects
can be attributed, in part, to the SCFA-producing capability of Faecalibacterium, resulting
in elevated concentrations of acetate, propionate, and butyrate, which are crucial in main-
taining hepatic energy homeostasis and lipid metabolism [258]. Another study further
elucidated the mechanisms by which increased Faecalibacterium alleviates MASLD [259]. In
rodent models, human-derived Faecalibacterium strains prevented liver fibrosis by reducing
lobular inflammation, up-regulating tight junction proteins such as zonulin-1 and occludin
to strengthen intestinal epithelial barrier integrity and attenuating LPS/TLR4 expression
to decrease metabolic endotoxemia [259]. Elevations in Prevotella following MedDiet ad-
herence may also reduce hepatic fat accumulation. Individuals with Prevotella-dominant
enterotypes are more responsive to dietary interventions, losing nearly double the weight
compared to those with Bacteroides-dominant enterotypes [47]. This weight loss effect,
coupled with the metabolic benefits of Faecalibacterium, underscores the potential of gut
microbiota modulation in improving metabolic parameters and slowing the progression of
MASLD through adherence to the MedDiet.

4.2. Ketogenic Diet, Gut Microbiota, and MASLD

The ketogenic diet (KETO) emphasizes low carbohydrate (5–10% of total caloric
intake), high fat (55–60% of total caloric intake), and moderate-to-high protein consumption
(30–35% of total caloric intake) [260]. Energy sources such as sucrose, glucose, and starches
are avoided, which shifts the body’s primary energy source from glucose to fat, inducing
a metabolic state known as ketosis [261]. This state promotes fat utilization, confers anti-
inflammatory effects, improves insulin sensitivity, and reduces liver fat accumulation,
thus improving outcomes in patients with MASLD [262]. Ketone body metabolism, a
hallmark of steatotic liver disease and compensatory mechanisms in early stages of liver fat
accumulation, alleviates metabolic stress by converting excess fatty acids into ketone bodies
such as β-hydroxybutyrate and acetoacetate [263]. Ketogenesis occurs in the mitochondria
of liver cells and involves a series of enzymatic reactions that break down fatty acids
through β-oxidation. With the development of fibrotic damage to hepatocytes due to
disease progression, ketogenesis is dampened and ketone bodies are reduced [264]. This
is, in part, due to elevated insulin levels and associated insulin resistance, which is a
potent inhibitor of ketone body formation. By promoting glucose uptake into cells, excess
insulin mitigates fat breakdown and inhibits the activity of HMG-CoA synthase, the rate-
limiting step of ketogenesis, leading to a cycle of fat deposition within hepatocytes [265].
Interestingly, a recent study has shown that acute insulin secretion following a ketogenic
diet meal is 17 times lower compared to a meal following a MedDiet [266]. Therefore, KETO,
when managed carefully, contributes to fat breakdown and enhanced insulin signaling, thus
counteracting the onset and progression of steatotic liver disease [267] while concomitantly
improving associated comorbidities like obesity and T2DM.

For example, adherence to a KETO for 6 days in patients with steatotic liver disease
decreased intrahepatic triglycerides by 31% and hepatic insulin resistance by 58% as mea-
sured via isotopomer nuclear magnetic resonance tracing [234]. In this short study trial,
there was a 238% increase in the partitioning of fatty acids towards ketogenesis, which was
directly correlated with a ~50% drop in insulin levels and hepatic citrate synthase flux. This
also resulted in a 167% improvement in the hepatic mitochondrial redox state, allowing
for fatty acid breakdown through the optimization of the hepatic microenvironment for
β-oxidation [234]. In murine models, an eight-week KETO regimen suppressed inflamma-
tory markers (e.g., TNF-α, NF-κβ, IL-6, and TLR4) and enhanced mitochondrial function,
reducing oxidative stress and inflammation through inhibiting the TLR4/NLRP3 inflamma-
some pathway [268,269]. A prospective study involving 87 overweight and obese patients
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with MASLD revealed significant improvements after an eight-week KETO intervention,
including reduced white blood cell count, total cholesterol, insulin resistance, and liver
fibrosis, as measured by FibroScan [235]. Interestingly, there were differences in gender
specific responses, with men exhibited higher baseline liver steatosis and showing greater
reductions in CRP and liver fibrosis post-intervention, while other metabolic parameters
improved similarly across genders [270]. Additionally, individuals with more advanced
steatosis experienced greater improvements following KETO adherence [271].

The ketogenic diet positively influences gut microbiota composition, increasing benefi-
cial genera such as Akkermansia and Eubacterium [272]. Additionally, other SCFA-producing
genera including Butyricicoccus and Blautia, along with elevated Rumminococcacae, have
been observed following low-carbohydrate, high-protein dietary interventions. These
changes were negatively associated with liver fat deposition as demonstrated through
liver magnetic resonance imaging in obese patients with steatotic liver disease [236]. A
recent study also reported an increase in Ruminococcus bromii abundance after one month
of KETO adherence in obese patients, accompanied by a reduction in LPS-producing gut
bacteria [237]. In murine models, similar adherence to KETO for a comparable duration
resulted in reduced oxidative stress and lower levels of pro-inflammatory cytokines such as
TNF-α and IL-6 [273]. Notably, the euglycemic KETO treatment group exhibited a fivefold
decrease in hepatic expression of NF-κβ compared to control diets [273]. Since hepatic
NF-κβ activation is a major driver of liver steatosis, chronic activation of this pathway
promotes de novo lipogenesis, cholesterol synthesis, and MASLD severity [68]. Further,
findings from Guevara-Cruz et al. showed that KETO adherence and intermittent fasting
correlated with improved mitochondrial function in monocytes, reducing their dependence
on glycolysis [237]. Mitochondrial function is an important marker of both metabolic and
inflammatory status as mitochondria serve as an important regulator of energy balance
and fat accumulation [274].

Another mechanism that may link KETO to liver fat deposition is the microbiota-
mediated bile acid metabolism, as this dietary intervention has been shown to significantly
influence the composition of BSH-active bacterial phyla, including Bacteroidetes and
Actinobacteria [238]. BSH activity can contribute to weight loss through up-regulating
both TGR5 and FXR signaling pathways and the associated increased metabolic rate in
brown fat tissue [275]. Recent studies have suggested that KETO adherence promotes
increased circulating levels of secondary bile acids taurodeoxycholic acid (TDCA) and
tauroursodeoxycholic acid (TUDCA), promoting weight loss and blood glucose regu-
lation [276,277]. Specifically, TUDCA inhibits FXR expression and fatty acid transport
protein 5 (FATP5), reducing hepatic fatty acid absorption and lipid accumulation [277].

While KETO offers significant metabolic benefits, its low caloric and high fat com-
position poses risks, particularly with long-term adherence. It is important to note that
the studies described above range from 6 days to 8 weeks and therefore do not provide
sufficient evidence of the long-term effects of KETO adherence and any potential adverse
effects that may be associated with this dietary pattern. Pure calorie-restrictive diets
may lead to changes in serum bile acid profiles and gut microbiota [278], with associated
down-regulation of uncoupling protein 1 (UCP1), an important regulator of energy expen-
diture [279]; weight rebound [278]; and liver steatosis [280]. The high-fat nature of this
diet can paradoxically exacerbate liver damage over the long term by increasing fatty acid
influx, causing nutrient deficiencies, kidney stress, and increases in LDL levels [281,282].
While data on humans are scarce, studies in murine models have shown that 12 weeks
of KETO adherence can contribute to liver fat accumulation [283]. In these mice, SREBP1
was not up-regulated, indicating that de novo lipogenesis was not the driving factor of
hepatic steatosis but rather an increase in saturated fatty acid uptake, which was found to
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induce hepatic inflammation and elevate LDL concentrations [283]. Therefore, the quality
of fats consumed becomes critical to optimizing the benefits of KETO while minimizing its
risks. These include fats from nutrient-dense foods such as avocados, olives, nuts, and fatty
fish [284]. As such, KETO should be carefully managed under the guidance of a dietician or
healthcare professional with regular monitoring of serum ketones, lipids, and liver function
tests, especially during prolonged adherence.

4.3. Intermittent Fasting, Gut Microbiota, and MASLD

Intermittent fasting (IF) is a dietary practice characterized by alternating periods of
fasting and eating designed to extend the time between calorie intake and encourage
fat breakdown [285]. Popular methods of IF include alternate-day fasting, 5:2 fasting
regimen, and time-restricted eating [285]. This dietary approach has been associated
with numerous health benefits including low-grade inflammation, improved gut health,
better glucose regulation, optimized lipid profiles, and effective weight loss [286,287]. A
recent meta-analysis of 14 studies involving 840 participants with MASLD undergoing
IF demonstrated significant improvements in metabolic end points including reductions
in liver enzymes, body weight, waist to hip ratio, hepatic steatosis, and liver stiffness as
measured by elastography [239]. Interestingly, various IF regimens have shown different,
but generally positive, outcomes in managing MASLD [288]. Specifically, the 5:2 fasting
regimen and time-restricted eating significantly improved liver stiffness and steatosis,
while alternate-day fasting had a more pronounced impact on reducing fat mass and body
weight [288].

Physiologically, intermittent fasting is intricately linked with signaling pathways
and metabolites that regulate hepatic fat deposition [289]. For example, peroxisome-
proliferator-active receptor α (PPARα) and phosphoenolpyruvate carboxykinase 1 (PCK1),
whose enzymatic activity are reduced in individuals with MASLD, are up-regulated signifi-
cantly with adherence to an IF regimen [240]. Studies have shown that PPARα expression
increases after 6 h of time-restricted feeding, contributing to improved lipolysis, fat di-
gestion, and absorption [241]. The effects of PPARα following intermittent fasting are
shown to ameliorate the progression of steatotic liver disease to fibrosis and even hep-
atic cell carcinogenesis [240]. These beneficial effects were absent in mice models with
knockdown of PPARα and PCK1 genes. Interestingly, PPARα activation has been shown to
increase microbial diversity, restore intestinal barrier integrity, and mitigate steatosis [290].
Conversely, knockdown of PPARα induces gut dysbiosis [291], while reduced microbial
diversity disrupts PPARα activity, promoting inflammation [292]. These findings highlight
a symbiotic relationship between PPARα activity and gut microbiota through the gut–liver
axis in steatotic liver disease models [293].

Adherence to IF has been shown to attenuate MASLD by enhancing autophagy [294],
a critical cellular process that recycles cellular components, particularly under conditions
of nutrient deprivation and metabolic stress [295]. In steatotic liver disease, autophagy pro-
tects against disease progression by clearing excess lipid droplets from hepatocytes, reduc-
ing oxidative stress, inflammation, and fibrosis [295]. However, these autophagic processes,
are often impaired in MASLD, exacerbating disease progression [296]. IF up-regulates
autophagy–lysosome activity in Kupffer cells, counteracting the impaired autophagic flux
associated with steatotic liver disease [294]. Microbiota are potent modulators of hepatic
autophagy through metabolites like secondary bile acids and SCFA [297]. Activation of the
bile acid receptors TGR5 and FXR positively regulates autophagic processes. Consequently,
microbial conversion of primary to secondary bile acids can facilitate lipid clearance from
hepatocytes via receptor agonism [298]. Similarly, increased relative abundances of butyrate
and propionate have been shown to induce autophagy–lysosome activity by up-regulating
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uncoupling protein 2 expression and hepatic AMPK, which recruit autophagy-related
proteins [299].

In addition to its effects on autophagy, IF-induced microbial changes contribute to
weight loss and browning of white adipose tissue, improving metabolic parameters in
steatotic liver disease [300]. Interestingly, microbiota-depleted models exhibited resistance
to these beneficial effects [300], highlighting the pivotal role of gut microbiota in mediating
IF outcomes related to MASLD [243]. A meta-analysis of eight studies evaluating the effect
of IF on microbiota in individuals with metabolic disease demonstrated significant improve-
ments in microbial richness and α-diversity, although the specific microbial subtypes within
these studies showed heterogeneity [242]. Studies have shown significant enrichment of
Parabacteroides distasonis and Bacteroides thetaiotaomicron after a three week IF regimen [243].
Parabacteroides distasonis has been linked to the amelioration of MASLD progression through
the interaction with dietary inulin to produce hepatoprotective odd-chain fatty acids [301].
These mechanisms reduced serum LPS levels and hepatic pro-inflammatory cytokine
expression murine models of MASLD [301]. Additionally, Parabacteroides distasonis is corre-
lated with increased BSH-activity, inhibition of FXR signaling, and decreased accumulation
of toxic bile acids, notably TCDCA in liver cells [302]. TCDCA is known to produce mi-
tochondrial permeability and increase pyroptosis in hepatocytes, thereby contributing to
hepatic fibrosis [102]. As such, MASLD progression may be ameliorated by Parabacteroides
distasonis via the enhancement of bile acid secretion [302]. Additionally, Parabacteroides dis-
tasonis has been shown to improve insulin sensitivity through strengthening the gut barrier
via activation of intestinal G-coupled protein receptors in the intestinal tract [303]. Similarly,
Bacteroides thetaiotaomicron exhibits numerous beneficial effects on liver fat accumulation
and metabolic processes [304]. In murine models, treatment with Bacteroides thetaiotaomicron
reduced hepatic steatosis and LPS translocation, up-regulated glucagon-like peptide 1,
down-regulated fibroblast growth factor 15, and improved lipid metabolism and fatty acid
oxidation [304]. Additionally, this bacterium alleviated metabolic dysfunction by gener-
ating hepatic metabolites that counteract oxidative stress [305]. Therefore, by increasing
the abundance of these key microbes that play pivotal roles in MASLD pathophysiology,
intermittent fasting may significantly improve steatotic liver disease outcomes through
microbiota-derived mechanisms.

4.4. High Fiber Diet, Gut Microbiota, and MASLD

Dietary fiber has demonstrated significant metabolic benefits, particularly in the con-
text of steatotic liver disease, largely due to its role in modulating gut microbiota [306]. High
fiber intake, often a component of the MedDiet, serves as an important prebiotic, supporting
the growth and survival of beneficial microbial species, conferring improvements in insulin
resistance, systemic inflammation, weight loss, and hepatic fat accumulation [307,308].
Fiber types include soluble and insoluble, with soluble fibers found in oats, legumes, and
fruits, which dissolve in water and are fermented by bacterial enzymes within the large
intestine, yielding metabolically active compounds like SCFA [309]. Insoluble fibers, on
the other hand, are found in grains, vegetables, and nuts; however, they are not generally
metabolized by microbial enzymes but still contribute to overall gut health [310]. Fiber
consumption is inversely associated with hepatic fibrosis and steatotic liver disease. For
instance, individuals in the highest tertile of fiber consumption had significantly reduced
odds (OR = 0.81) of developing clinically significant hepatic fibrosis, as assessed by transient
elastography [244]. Another study demonstrated that individuals in the highest quartile of
fiber intake had the lowest odds (OR = 0.12) of developing steatotic liver disease, compared
to higher-risk quartiles with lower fiber consumption [245].
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The fermentation of soluble fibers in the gastrointestinal tract influences the microbial
environment, playing a crucial role in MASLD pathogenesis and progression [311]. In a
60-day study, MASLD patients consuming 6–12 g of fiber daily exhibited significantly en-
hanced microbial diversity and increased fecal SCFA concentrations, particularly butyrate
and acetate [246]. For example, dietary oat β-glucan, a beneficial prebiotic fiber, dampened
MASLD-related inflammation and prevented disease progression [247]. The mechanisms
by which fibrotic progression was diminished included reductions in monocyte-derived
macrophage infiltration into hepatocytes, TLR ligand translocation, and suppression of
fibroinflammatory gene expression. These effects were mediated by gut microbial changes
following oat β-glucan intervention as antibiotic depletion abolished the observed benefits,
highlighting the indispensable role of microbial taxa such as Ruminococcus and SCFA-
producing Lactobacillus [247]. Increased SCFA concentrations following β-glucan con-
sumption may activate the AMPK signaling pathway, inhibiting de novo lipogenesis and
reducing hepatic liver lipid deposition [312]. Additionally, oat bran consumption has been
shown to ameliorate hepatic inflammation through alterations in gut metabolites, such
as bile acids and tryptophan [313]. Tryptophan, when diverted to the indole pathway
by microbial activity, produces indole-3-acetic acid and indole-3 propionic acid [314]. In
MASLD, the diversion of tryptophan to the indole pathway is diminished, an effect res-
cued after dietary oat intake [313]. Indole-3-acetic acid and indole-3 propionic acid may
ameliorate hepatic steatosis and inflammation via inhibition of NF-κβ signaling, reduction
in endotoxin levels and inactivation of macrophages [315]. Therapeutic supplementation
with these metabolites has shown promising potential in MASLD treatment [315].

Inulin, a dietary fiber found in fruits and grains, also exerts beneficial effects in MASLD.
It enhances gut barrier integrity by up-regulating tight junction protein expression, an
effect mediated by increased abundances of SCFA-producing genera such as Bifidobac-
terium, Phascolarctobacterium, and Blautia [248]. Inulin supplementation also modulates key
lipogenic enzymes such as PPARα, ChREBP, and stearoyl-CoA desaturase-1. Additionally,
inulin increases relative concentrations of Akkermansia by fivefold [249]. Akkermansia, has
emerged as an important player in the gut–liver axis [316]. Its treatment has been associ-
ated with increased mitochondrial oxidation, improved bile acid metabolism, and reduced
metabolic stress [316]. Specifically, Akkermansia enhances the production of hepatoprotec-
tive metabolites such as L-aspartate, which prevents lipid peroxidation, improves hepatic
microcirculation, and exerts anti-inflammatory effects [317]. Additionally, Akkermansia
decreases IL-6 levels and reduces triglyceride synthesis, mitigating lipid peroxidation in
steatotic liver disease models [318]. Through the modulation of microbial composition
and metabolite production, high-fiber diets confer significant protective effects against
hepatic fat accumulation, inflammation, and fibrosis in MASLD. Soluble fibers enhance
SCFA production, improve intestinal barrier integrity, and regulate key hepatic pathways,
highlighting the therapeutic potential of fiber as a dietary intervention for MASLD.

5. Conclusions and Perspective
This review addresses critical gaps in understanding by elucidating specific microbial

roles, metabolite pathways, and host interactions involved in the relationship between diet,
gut microbes, and MASLD. As presented, substantial evidence supports the role of the
gut microbiota as a key mediator of the beneficial or harmful effects of dietary patterns on
steatotic liver disease. Unfavorable dietary patterns with high cholesterol, high fructose,
high saturated fat, and low protein are associated with an increased relative abundance of
dysbiosis-inducing bacterial genera such as Enterococcus and Escherichia, which are linked
with poor MASLD outcomes. These dietary patterns up-regulate inflammation through the
LPS/TLR4/NF-κβ pathways, increase barrier permeability, disrupt bile acid metabolism,
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and elevate the expression of lipogenic enzymes, collectively driving hepatic fat accumu-
lation. In contrast, favorable dietary patterns such as the MedDiet, KETO, IF, and high
fiber diets exert positive effects on microbial composition and enhance metabolite profiles,
improving inflammatory, oxidative, lipogenic, and related metabolic pathways. These ef-
fects mitigate fatty liver accumulation and contribute to beneficial MASLD outcomes. Key
microbial taxa driving these benefits include Rumminococcacae, with genera Ruminococcus,
Akkermansia, Lactobacillus, Blautia, Faecalibacterium, Bacteroides, and Prevotella, which are
associated with enhanced metabolic parameters, strengthened gut barrier integrity, and
reduced systemic inflammation. Generally, the MedDiet and high-fiber diets have been
shown to be highly safe and beneficial across a wide range of metabolic conditions be-
yond MASLD, even with long-term adherence [319], with microbiota serving as significant
drivers of its health benefits [320]. In contrast, while KETO has demonstrated short-term
efficacy in improving MASLD parameters, its long-term adherence requires caution and
should be undertaken under professional supervision. Therefore, future research and
large-scale clinical trials should focus on assessing long-term safety and efficacy of dietary
interventions such as KETO in hepatic steatosis as current evidence on humans remains
limited. Additionally, incorporating detailed gut microbial and metabolite analysis in
studies involving these dietary interventions will provide deeper insights into the mecha-
nisms by which taxonomical shifts in gut microbiota influence MASLD outcomes. This will
advance the development of novel dietary and microbiota-based therapeutic approaches
for MASLD.

Overall, while gut microbiota and dietary patterns significantly influence MASLD
development and progression, they are only part of a comprehensive treatment approach.
Physical activity (e.g., aerobic exercise, resistance training), weight management (e.g., loss
and maintenance), and behavioral modifications (e.g., stress management, sleep opti-
mization) are equally essential components of steatotic liver disease management. There-
fore, microbiota-targeted dietary intervention should be integrated in conjunction with
these lifestyle modifications, when possible, to achieve optimal outcomes for patients
with MASLD.
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158. Akar, F.; Sumlu, E.; Alçığır, M.E.; Bostancı, A.; Sadi, G. Potential mechanistic pathways underlying intestinal and hepatic effects
of kefir in high-fructose-fed rats. Food Res. Int. 2021, 143, 110287. [CrossRef] [PubMed]

159. Tan, R.; Dong, H.; Chen, Z.; Jin, M.; Yin, J.; Li, H.; Shi, D.; Shao, Y.; Wang, H.; Chen, T.; et al. Intestinal Microbiota Mediates
High-Fructose and High-Fat Diets to Induce Chronic Intestinal Inflammation. Front. Cell. Infect. Microbiol. 2021, 11, 654074.
[CrossRef] [PubMed]

160. Beisner, J.; Gonzalez-Granda, A.; Basrai, M.; Damms-Machado, A.; Bischoff, S.C. Fructose-Induced Intestinal Microbiota Shift
Following Two Types of Short-Term High-Fructose Dietary Phases. Nutrients 2020, 12, 3444. [CrossRef]

161. Ghosh, T.S.; Gupta, S.S.; Bhattacharya, T.; Yadav, D.; Barik, A.; Chowdhury, A.; Das, B.; Mande, S.S.; Nair, G.B. Gut microbiomes
of Indian children of varying nutritional status. PLoS ONE 2014, 9, e95547. [CrossRef] [PubMed]

162. Bauer, J.; Biolo, G.; Cederholm, T.; Cesari, M.; Cruz-Jentoft, A.J.; Morley, J.E.; Phillips, S.; Sieber, C.; Stehle, P.; Teta, D.; et al.
Evidence-based recommendations for optimal dietary protein intake in older people: A position paper from the PROT-AGE
Study Group. J. Am. Med. Dir. Assoc. 2013, 14, 542–559. [CrossRef] [PubMed]

163. Kang, W.; Lee, M.S.; Baik, M. Dietary Protein Restriction Alters Lipid Metabolism and Insulin Sensitivity in Rats. Asian-Australas.
J. Anim. Sci. 2011, 24, 1274–1281. [CrossRef]

164. Kuwahata, M.; Kubota, H.; Amano, S.; Yokoyama, M.; Shimamura, Y.; Ito, S.; Ogawa, A.; Kobayashi, Y.; Miyamoto, K.; Kido, Y.
Dietary medium-chain triglycerides attenuate hepatic lipid deposition in growing rats with protein malnutrition. J. Nutr. Sci.
Vitaminol. 2011, 57, 138–143. [CrossRef] [PubMed]

165. Bjørndal, B.; Berge, C.; Ramsvik, M.S.; Svardal, A.; Bohov, P.; Skorve, J.; Berge, R.K. A fish protein hydrolysate alters fatty acid
composition in liver and adipose tissue and increases plasma carnitine levels in a mouse model of chronic inflammation. Lipids
Health Dis. 2013, 12, 143. [CrossRef]

166. Ampong, I.; Watkins, A.; Gutierrez-Merino, J.; Ikwuobe, J.; Griffiths, H.R. Dietary protein insufficiency: An important considera-
tion in fatty liver disease? Br. J. Nutr. 2020, 123, 601–609. [CrossRef] [PubMed]

https://doi.org/10.3945/jn.109.105858
https://doi.org/10.1186/s13098-022-00800-5
https://doi.org/10.1111/j.1572-0241.2004.40266.x
https://doi.org/10.3389/fphar.2021.783393
https://www.ncbi.nlm.nih.gov/pubmed/34867414
https://doi.org/10.1016/j.jhep.2009.05.033
https://www.ncbi.nlm.nih.gov/pubmed/19765850
https://doi.org/10.1007/s00394-012-0355-z
https://www.ncbi.nlm.nih.gov/pubmed/22543623
https://doi.org/10.3390/nu9030230
https://www.ncbi.nlm.nih.gov/pubmed/28273805
https://doi.org/10.3390/nu9090981
https://doi.org/10.1016/j.jhep.2008.02.011
https://doi.org/10.3390/nu14061127
https://www.ncbi.nlm.nih.gov/pubmed/35334784
https://doi.org/10.2337/db11-0970
https://doi.org/10.3390/ijms232213853
https://www.ncbi.nlm.nih.gov/pubmed/36430326
https://doi.org/10.1038/s41598-023-33806-8
https://www.ncbi.nlm.nih.gov/pubmed/37095192
https://doi.org/10.3389/fimmu.2017.01159
https://www.ncbi.nlm.nih.gov/pubmed/28970836
https://doi.org/10.3945/jn.116.242859
https://doi.org/10.1016/j.foodres.2021.110287
https://www.ncbi.nlm.nih.gov/pubmed/33992387
https://doi.org/10.3389/fcimb.2021.654074
https://www.ncbi.nlm.nih.gov/pubmed/34222037
https://doi.org/10.3390/nu12113444
https://doi.org/10.1371/journal.pone.0095547
https://www.ncbi.nlm.nih.gov/pubmed/24763225
https://doi.org/10.1016/j.jamda.2013.05.021
https://www.ncbi.nlm.nih.gov/pubmed/23867520
https://doi.org/10.5713/ajas.2011.10430
https://doi.org/10.3177/jnsv.57.138
https://www.ncbi.nlm.nih.gov/pubmed/21697632
https://doi.org/10.1186/1476-511X-12-143
https://doi.org/10.1017/S0007114519003064
https://www.ncbi.nlm.nih.gov/pubmed/31779730


Nutrients 2025, 17, 143 36 of 43

167. Lang, S.; Martin, A.; Farowski, F.; Wisplinghoff, H.; Vehreschild, M.; Liu, J.; Krawczyk, M.; Nowag, A.; Kretzschmar, A.; Herweg,
J.; et al. High Protein Intake Is Associated With Histological Disease Activity in Patients With NAFLD. Hepatol. Commun. 2020, 4,
681–695. [CrossRef]

168. Tricò, D.; Biancalana, E.; Solini, A. Protein and amino acids in nonalcoholic fatty liver disease. Curr. Opin. Clin. Nutr. Metab. Care
2021, 24, 96–101. [CrossRef] [PubMed]

169. Reddy, A.J.; George, E.S.; Roberts, S.K.; Tierney, A.C. Effect of dietary intervention, with or without co-interventions, on
inflammatory markers in patients with nonalcoholic fatty liver disease: A systematic literature review. Nutr. Rev. 2019, 77,
765–786. [CrossRef]

170. Markova, M.; Pivovarova, O.; Hornemann, S.; Sucher, S.; Frahnow, T.; Wegner, K.; Machann, J.; Petzke, K.J.; Hierholzer, J.;
Lichtinghagen, R.; et al. Isocaloric Diets High in Animal or Plant Protein Reduce Liver Fat and Inflammation in Individuals with
Type 2 Diabetes. Gastroenterology 2017, 152, 571–585.e578. [CrossRef]

171. Masuoka, H.; Suda, W.; Tomitsuka, E.; Shindo, C.; Takayasu, L.; Horwood, P.; Greenhill, A.R.; Hattori, M.; Umezaki, M.;
Hirayama, K. The influences of low protein diet on the intestinal microbiota of mice. Sci. Rep. 2020, 10, 17077. [CrossRef]

172. Hakkak, R.; Korourian, S.; Li, W.; Spray, B.; Twaddle, N.C.; Randolph, C.E.; Børsheim, E.; Robeson Ii, M.S. Dietary soy protein
reverses obesity-induced liver steatosis and alters fecal microbial composition independent of isoflavone level. Front. Nutr. 2024,
11, 1487859. [CrossRef] [PubMed]

173. Tao, X.; Deng, B.; Yuan, Q.; Men, X.; Wu, J.; Xu, Z. Low Crude Protein Diet Affects the Intestinal Microbiome and Metabolome
Differently in Barrows and Gilts. Front. Microbiol. 2021, 12, 717727. [CrossRef]

174. Singh, A.; Buckholz, A.; Kumar, S.; Newberry, C. Implications of Protein and Sarcopenia in the Prognosis, Treatment, and
Management of Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD). Nutrients 2024, 16, 658. [CrossRef] [PubMed]

175. Zhao, M.; Chiriboga, D.; Olendzki, B.; Xie, B.; Li, Y.; McGonigal, L.J.; Maldonado-Contreras, A.; Ma, Y. Substantial Increase in
Compliance with Saturated Fatty Acid Intake Recommendations after One Year Following the American Heart Association Diet.
Nutrients 2018, 10, 1486. [CrossRef]

176. Hydes, T.; Alam, U.; Cuthbertson, D.J. The Impact of Macronutrient Intake on Non-alcoholic Fatty Liver Disease (NAFLD): Too
Much Fat, Too Much Carbohydrate, or Just Too Many Calories? Front. Nutr. 2021, 8, 640557. [CrossRef]

177. Nemer, M.; Osman, F.; Said, A. Dietary macro and micronutrients associated with MASLD: Analysis of a national US cohort
database. Ann. Hepatol. 2024, 29, 101491. [CrossRef] [PubMed]

178. Chaturvedi, S.; Tripathi, D.; Vikram, N.K.; Madhusudan, K.S.; Pandey, R.M.; Bhatia, N. Association of nutrient intake with
non-alcoholic fatty liver disease and liver steatosis in adult Indian population—A case control study. Human. Nutr. Metab. 2023,
32, 200188. [CrossRef]

179. Luukkonen, P.K.; Sädevirta, S.; Zhou, Y.; Kayser, B.; Ali, A.; Ahonen, L.; Lallukka, S.; Pelloux, V.; Gaggini, M.; Jian, C.; et al.
Saturated Fat Is More Metabolically Harmful for the Human Liver Than Unsaturated Fat or Simple Sugars. Diabetes Care 2018, 41,
1732–1739. [CrossRef] [PubMed]

180. Rosqvist, F.; Kullberg, J.; Ståhlman, M.; Cedernaes, J.; Heurling, K.; Johansson, H.E.; Iggman, D.; Wilking, H.; Larsson, A.;
Eriksson, O.; et al. Overeating Saturated Fat Promotes Fatty Liver and Ceramides Compared With Polyunsaturated Fat: A
Randomized Trial. J. Clin. Endocrinol. Metab. 2019, 104, 6207–6219. [CrossRef] [PubMed]

181. Savard, C.; Tartaglione, E.V.; Kuver, R.; Haigh, W.G.; Farrell, G.C.; Subramanian, S.; Chait, A.; Yeh, M.M.; Quinn, L.S.; Ioannou,
G.N. Synergistic interaction of dietary cholesterol and dietary fat in inducing experimental steatohepatitis. Hepatology 2013, 57,
81–92. [CrossRef] [PubMed]

182. McCarthy, E.M.; Rinella, M.E. The role of diet and nutrient composition in nonalcoholic Fatty liver disease. J. Acad. Nutr. Diet.
2012, 112, 401–409. [CrossRef] [PubMed]

183. Gentile, C.L.; Frye, M.A.; Pagliassotti, M.J. Fatty acids and the endoplasmic reticulum in nonalcoholic fatty liver disease. Biofactors
2011, 37, 8–16. [CrossRef] [PubMed]

184. Li, Y.; Lu, Z.; Ru, J.H.; Lopes-Virella, M.F.; Lyons, T.J.; Huang, Y. Saturated fatty acid combined with lipopolysaccharide stimulates
a strong inflammatory response in hepatocytes in vivo and in vitro. Am. J. Physiol. Endocrinol. Metab. 2018, 315, E745–E757.
[CrossRef] [PubMed]

185. Hernández, E.; Kahl, S.; Seelig, A.; Begovatz, P.; Irmler, M.; Kupriyanova, Y.; Nowotny, B.; Nowotny, P.; Herder, C.; Barosa, C.;
et al. Acute dietary fat intake initiates alterations in energy metabolism and insulin resistance. J. Clin. Investig. 2017, 127, 695–708.
[CrossRef]

186. Hajri, T.; Zaiou, M.; Fungwe, T.V.; Ouguerram, K.; Besong, S. Epigenetic Regulation of Peroxisome Proliferator-Activated Receptor
Gamma Mediates High-Fat Diet-Induced Non-Alcoholic Fatty Liver Disease. Cells 2021, 10, 1355. [CrossRef] [PubMed]

187. Hamamah, S.; Amin, A.; Al-Kassir, A.L.; Chuang, J.; Covasa, M. Dietary Fat Modulation of Gut Microbiota and Impact on
Regulatory Pathways Controlling Food Intake. Nutrients 2023, 15, 3365. [CrossRef] [PubMed]

https://doi.org/10.1002/hep4.1509
https://doi.org/10.1097/MCO.0000000000000706
https://www.ncbi.nlm.nih.gov/pubmed/33060460
https://doi.org/10.1093/nutrit/nuz029
https://doi.org/10.1053/j.gastro.2016.10.007
https://doi.org/10.1038/s41598-020-74122-9
https://doi.org/10.3389/fnut.2024.1487859
https://www.ncbi.nlm.nih.gov/pubmed/39529929
https://doi.org/10.3389/fmicb.2021.717727
https://doi.org/10.3390/nu16050658
https://www.ncbi.nlm.nih.gov/pubmed/38474786
https://doi.org/10.3390/nu10101486
https://doi.org/10.3389/fnut.2021.640557
https://doi.org/10.1016/j.aohep.2024.101491
https://www.ncbi.nlm.nih.gov/pubmed/38412922
https://doi.org/10.1016/j.hnm.2023.200188
https://doi.org/10.2337/dc18-0071
https://www.ncbi.nlm.nih.gov/pubmed/29844096
https://doi.org/10.1210/jc.2019-00160
https://www.ncbi.nlm.nih.gov/pubmed/31369090
https://doi.org/10.1002/hep.25789
https://www.ncbi.nlm.nih.gov/pubmed/22508243
https://doi.org/10.1016/j.jada.2011.10.007
https://www.ncbi.nlm.nih.gov/pubmed/22717200
https://doi.org/10.1002/biof.135
https://www.ncbi.nlm.nih.gov/pubmed/21328622
https://doi.org/10.1152/ajpendo.00015.2018
https://www.ncbi.nlm.nih.gov/pubmed/29989851
https://doi.org/10.1172/JCI89444
https://doi.org/10.3390/cells10061355
https://www.ncbi.nlm.nih.gov/pubmed/34072832
https://doi.org/10.3390/nu15153365
https://www.ncbi.nlm.nih.gov/pubmed/37571301


Nutrients 2025, 17, 143 37 of 43

188. Org, E.; Blum, Y.; Kasela, S.; Mehrabian, M.; Kuusisto, J.; Kangas, A.J.; Soininen, P.; Wang, Z.; Ala-Korpela, M.; Hazen, S.L.; et al.
Relationships between gut microbiota, plasma metabolites, and metabolic syndrome traits in the METSIM cohort. Genome Biol.
2017, 18, 70. [CrossRef] [PubMed]

189. Röytiö, H.; Mokkala, K.; Vahlberg, T.; Laitinen, K. Dietary intake of fat and fibre according to reference values relates to higher
gut microbiota richness in overweight pregnant women. Br. J. Nutr. 2017, 118, 343–352. [CrossRef]

190. Xu, A.A.; Kennedy, L.K.; Hoffman, K.; White, D.L.; Kanwal, F.; El-Serag, H.B.; Petrosino, J.F.; Jiao, L. Dietary Fatty Acid Intake
and the Colonic Gut Microbiota in Humans. Nutrients 2022, 14, 2722. [CrossRef]

191. Bailén, M.; Bressa, C.; Martínez-López, S.; González-Soltero, R.; Montalvo Lominchar, M.G.; San Juan, C.; Larrosa, M. Microbiota
Features Associated With a High-Fat/Low-Fiber Diet in Healthy Adults. Front. Nutr. 2020, 7, 583608. [CrossRef] [PubMed]

192. Caesar, R.; Tremaroli, V.; Kovatcheva-Datchary, P.; Cani, P.D.; Bäckhed, F. Crosstalk between Gut Microbiota and Dietary Lipids
Aggravates WAT Inflammation through TLR Signaling. Cell Metab. 2015, 22, 658–668. [CrossRef]

193. Zhang, L.; Shi, Y.; Liang, B.; Li, X. An overview of the cholesterol metabolism and its proinflammatory role in the development of
MASLD. Hepatol. Commun. 2024, 8, e0434. [CrossRef] [PubMed]

194. Musso, G.; Gambino, R.; De Michieli, F.; Cassader, M.; Rizzetto, M.; Durazzo, M.; Fagà, E.; Silli, B.; Pagano, G. Dietary habits
and their relations to insulin resistance and postprandial lipemia in nonalcoholic steatohepatitis. Hepatology 2003, 37, 909–916.
[CrossRef]

195. Mokhtari, Z.; Poustchi, H.; Eslamparast, T.; Hekmatdoost, A. Egg consumption and risk of non-alcoholic fatty liver disease. World
J. Hepatol. 2017, 9, 503–509. [CrossRef]

196. Mazidi, M.; Mikhailidis, D.P.; Banach, M. Adverse impact of egg consumption on fatty liver is partially explained by car-
diometabolic risk factors: A population-based study. Clin. Nutr. 2020, 39, 3730–3735. [CrossRef]

197. Hashemian, M.; Merat, S.; Poustchi, H.; Jafari, E.; Radmard, A.R.; Kamangar, F.; Freedman, N.; Hekmatdoost, A.; Sheikh, M.;
Boffetta, P.; et al. Red Meat Consumption and Risk of Nonalcoholic Fatty Liver Disease in a Population With Low Meat
Consumption: The Golestan Cohort Study. Am. J. Gastroenterol. 2021, 116, 1667–1675. [CrossRef] [PubMed]

198. Noureddin, M.; Zelber-Sagi, S.; Wilkens, L.R.; Porcel, J.; Boushey, C.J.; Le Marchand, L.; Rosen, H.R.; Setiawan, V.W. Diet
Associations With Nonalcoholic Fatty Liver Disease in an Ethnically Diverse Population: The Multiethnic Cohort. Hepatology
2020, 71, 1940–1952. [CrossRef]

199. Mells, J.E.; Fu, P.P.; Kumar, P.; Smith, T.; Karpen, S.J.; Anania, F.A. Saturated fat and cholesterol are critical to inducing murine
metabolic syndrome with robust nonalcoholic steatohepatitis. J. Nutr. Biochem. 2015, 26, 285–292. [CrossRef]

200. Duparc, T.; Briand, F.; Trenteseaux, C.; Merian, J.; Combes, G.; Najib, S.; Sulpice, T.; Martinez, L.O. Liraglutide improves hepatic
steatosis and metabolic dysfunctions in a 3-week dietary mouse model of nonalcoholic steatohepatitis. Am. J. Physiol. Gastrointest.
Liver Physiol. 2019, 317, G508–G517. [CrossRef] [PubMed]

201. Briand, F.; Heymes, C.; Bonada, L.; Angles, T.; Charpentier, J.; Branchereau, M.; Brousseau, E.; Quinsat, M.; Fazilleau, N.;
Burcelin, R.; et al. A 3-week nonalcoholic steatohepatitis mouse model shows elafibranor benefits on hepatic inflammation and
cell death. Clin. Transl. Sci. 2020, 13, 529–538. [CrossRef] [PubMed]

202. Zhang, X.; Coker, O.O.; Chu, E.S.; Fu, K.; Lau, H.C.H.; Wang, Y.X.; Chan, A.W.H.; Wei, H.; Yang, X.; Sung, J.J.Y.; et al. Dietary
cholesterol drives fatty liver-associated liver cancer by modulating gut microbiota and metabolites. Gut 2021, 70, 761–774.
[CrossRef]

203. Gao, X.; Lin, X.; Xin, Y.; Zhu, X.; Li, X.; Chen, M.; Huang, Z.; Guo, H. Dietary cholesterol drives the development of nonalcoholic
steatohepatitis by altering gut microbiota mediated bile acid metabolism in high-fat diet fed mice. J. Nutr. Biochem. 2023,
117, 109347. [CrossRef] [PubMed]

204. Gaundal, L.; Myhrstad, M.C.W.; Rud, I.; Gjøvaag, T.; Byfuglien, M.G.; Retterstøl, K.; Holven, K.B.; Ulven, S.M.; Telle-Hansen,
V.H. Gut microbiota is associated with dietary intake and metabolic markers in healthy individuals. Food Nutr. Res. 2022, 66.
[CrossRef] [PubMed]

205. Bellanti, F.; Villani, R.; Tamborra, R.; Blonda, M.; Iannelli, G.; di Bello, G.; Facciorusso, A.; Poli, G.; Iuliano, L.; Avolio, C.; et al.
Synergistic interaction of fatty acids and oxysterols impairs mitochondrial function and limits liver adaptation during nafld
progression. Redox Biol. 2018, 15, 86–96. [CrossRef] [PubMed]

206. Pereira, E.; Araujo, B.P.; Rodrigues, K.L.; Silvares, R.R.; Guimarães, F.V.; Martins, C.S.M.; Flores, E.E.I.; Silva, P.; Daliry, A.
Cholesterol Exacerbates the Pathophysiology of Non-Alcoholic Steatohepatitis by Upregulating Hypoxia-Inducible Factor 1 and
Modulating Microcirculatory Dysfunction. Nutrients 2023, 15, 5034. [CrossRef] [PubMed]

207. Tirosh, O. Hypoxic Signaling and Cholesterol Lipotoxicity in Fatty Liver Disease Progression. Oxid. Med. Cell. Longev. 2018,
2018, 2548154. [CrossRef] [PubMed]

208. Clemente-Suárez, V.J.; Beltrán-Velasco, A.I.; Redondo-Flórez, L.; Martín-Rodríguez, A.; Tornero-Aguilera, J.F. Global Impacts of
Western Diet and Its Effects on Metabolism and Health: A Narrative Review. Nutrients 2023, 15, 2749. [CrossRef]

https://doi.org/10.1186/s13059-017-1194-2
https://www.ncbi.nlm.nih.gov/pubmed/28407784
https://doi.org/10.1017/S0007114517002100
https://doi.org/10.3390/nu14132722
https://doi.org/10.3389/fnut.2020.583608
https://www.ncbi.nlm.nih.gov/pubmed/33392236
https://doi.org/10.1016/j.cmet.2015.07.026
https://doi.org/10.1097/HC9.0000000000000434
https://www.ncbi.nlm.nih.gov/pubmed/38696365
https://doi.org/10.1053/jhep.2003.50132
https://doi.org/10.4254/wjh.v9.i10.503
https://doi.org/10.1016/j.clnu.2020.03.035
https://doi.org/10.14309/ajg.0000000000001229
https://www.ncbi.nlm.nih.gov/pubmed/33767101
https://doi.org/10.1002/hep.30967
https://doi.org/10.1016/j.jnutbio.2014.11.002
https://doi.org/10.1152/ajpgi.00139.2019
https://www.ncbi.nlm.nih.gov/pubmed/31460789
https://doi.org/10.1111/cts.12735
https://www.ncbi.nlm.nih.gov/pubmed/31981449
https://doi.org/10.1136/gutjnl-2019-319664
https://doi.org/10.1016/j.jnutbio.2023.109347
https://www.ncbi.nlm.nih.gov/pubmed/37031879
https://doi.org/10.29219/fnr.v66.8580
https://www.ncbi.nlm.nih.gov/pubmed/35844956
https://doi.org/10.1016/j.redox.2017.11.016
https://www.ncbi.nlm.nih.gov/pubmed/29220698
https://doi.org/10.3390/nu15245034
https://www.ncbi.nlm.nih.gov/pubmed/38140293
https://doi.org/10.1155/2018/2548154
https://www.ncbi.nlm.nih.gov/pubmed/29955245
https://doi.org/10.3390/nu15122749


Nutrients 2025, 17, 143 38 of 43

209. Chaturvedi, S.; Tripathi, D.; Vikram, N.K.; Madhusudhan, K.S.; Pandey, R.M.; Bhatia, N. Dietary pattern associated with non-
alcoholic fatty liver disease (NAFLD) in non-diabetic adult patients: A case control study. Clin. Nutr. ESPEN 2024, 60, 247–253.
[CrossRef] [PubMed]

210. Charlot, A.; Bringolf, A.; Mallard, J.; Charles, A.L.; Niederhoffer, N.; Duteil, D.; Pagano, A.F.; Geny, B.; Zoll, J. Hypercaloric
low-carbohydrate high-fat diet protects against the development of nonalcoholic fatty liver disease in obese mice in contrast to
isocaloric Western diet. Front. Nutr. 2024, 11, 1366883. [CrossRef] [PubMed]

211. Mirmiran, P.; Amirhamidi, Z.; Ejtahed, H.S.; Bahadoran, Z.; Azizi, F. Relationship between Diet and Non-alcoholic Fatty Liver
Disease: A Review Article. Iran. J. Public Health 2017, 46, 1007–1017. [PubMed]

212. Ritchie, L.D.; Spector, P.; Stevens, M.J.; Schmidt, M.M.; Schreiber, G.B.; Striegel-Moore, R.H.; Wang, M.C.; Crawford, P.B. Dietary
patterns in adolescence are related to adiposity in young adulthood in black and white females. J. Nutr. 2007, 137, 399–406.
[CrossRef]

213. Salehi-sahlabadi, A.; Sadat, S.; Beigrezaei, S.; Pourmasomi, M.; Feizi, A.; Ghiasvand, R.; Hadi, A.; Clark, C.C.T.; Miraghajani, M.
Dietary patterns and risk of non-alcoholic fatty liver disease. BMC Gastroenterol. 2021, 21, 41. [CrossRef] [PubMed]

214. Romualdo, G.R.; Valente, L.C.; Sprocatti, A.C.; Bacil, G.P.; de Souza, I.P.; Rodrigues, J.; Rodrigues, M.A.M.; Vinken, M.; Cogliati, B.;
Barbisan, L.F. Western diet-induced mouse model of non-alcoholic fatty liver disease associated with metabolic outcomes:
Features of gut microbiome-liver-adipose tissue axis. Nutrition 2022, 103–104, 111836. [CrossRef] [PubMed]

215. Uno, S.; Nebert, D.W.; Makishima, M. Cytochrome P450 1A1 (CYP1A1) protects against nonalcoholic fatty liver disease caused by
Western diet containing benzo[a]pyrene in mice. Food Chem. Toxicol. 2018, 113, 73–82. [CrossRef]

216. Pierantonelli, I.; Rychlicki, C.; Agostinelli, L.; Giordano, D.M.; Gaggini, M.; Fraumene, C.; Saponaro, C.; Manghina, V.; Sartini, L.;
Mingarelli, E.; et al. Lack of NLRP3-inflammasome leads to gut-liver axis derangement, gut dysbiosis and a worsened phenotype
in a mouse model of NAFLD. Sci. Rep. 2017, 7, 12200. [CrossRef]

217. Jegatheesan, P.; Beutheu, S.; Freese, K.; Waligora-Dupriet, A.J.; Nubret, E.; Butel, M.J.; Bergheim, I.; De Bandt, J.P. Preventive
effects of citrulline on Western diet-induced non-alcoholic fatty liver disease in rats. Br. J. Nutr. 2016, 116, 191–203. [CrossRef]

218. Ramne, S.; Brunkwall, L.; Ericson, U.; Gray, N.; Kuhnle, G.G.C.; Nilsson, P.M.; Orho-Melander, M.; Sonestedt, E. Gut microbiota
composition in relation to intake of added sugar, sugar-sweetened beverages and artificially sweetened beverages in the Malmö
Offspring Study. Eur. J. Nutr. 2021, 60, 2087–2097. [CrossRef]

219. Ghezzal, S.; Postal, B.G.; Quevrain, E.; Brot, L.; Seksik, P.; Leturque, A.; Thenet, S.; Carrière, V. Palmitic acid damages gut
epithelium integrity and initiates inflammatory cytokine production. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2020,
1865, 158530. [CrossRef]

220. Martínez, N.; Prieto, I.; Hidalgo, M.; Segarra, A.B.; Martínez-Rodríguez, A.M.; Cobo, A.; Ramírez, M.; Gálvez, A.;
Martínez-Cañamero, M. Refined versus Extra Virgin Olive Oil High-Fat Diet Impact on Intestinal Microbiota of Mice and
Its Relation to Different Physiological Variables. Microorganisms 2019, 7, 61. [CrossRef]

221. Rodríguez-García, C.; Sánchez-Quesada, C.; Algarra, I.; Gaforio, J.J. The High-Fat Diet Based on Extra-Virgin Olive Oil Causes
Dysbiosis Linked to Colorectal Cancer Prevention. Nutrients 2020, 12, 1705. [CrossRef]

222. Abu-Ghazaleh, N.; Chua, W.J.; Gopalan, V. Intestinal microbiota and its association with colon cancer and red/processed meat
consumption. J. Gastroenterol. Hepatol. 2021, 36, 75–88. [CrossRef] [PubMed]

223. Bier, A.; Braun, T.; Khasbab, R.; Di Segni, A.; Grossman, E.; Haberman, Y.; Leibowitz, A. A High Salt Diet Modulates the
Gut Microbiota and Short Chain Fatty Acids Production in a Salt-Sensitive Hypertension Rat Model. Nutrients 2018, 10, 1154.
[CrossRef]

224. Rinninella, E.; Cintoni, M.; Raoul, P.; Lopetuso, L.R.; Scaldaferri, F.; Pulcini, G.; Miggiano, G.A.D.; Gasbarrini, A.; Mele, M.C. Food
Components and Dietary Habits: Keys for a Healthy Gut Microbiota Composition. Nutrients 2019, 11, 2393. [CrossRef] [PubMed]

225. Miranda, P.M.; De Palma, G.; Serkis, V.; Lu, J.; Louis-Auguste, M.P.; McCarville, J.L.; Verdu, E.F.; Collins, S.M.; Bercik, P. High salt
diet exacerbates colitis in mice by decreasing Lactobacillus levels and butyrate production. Microbiome 2018, 6, 57. [CrossRef]
[PubMed]

226. Panyod, S.; Wu, W.K.; Hu, M.Y.; Huang, H.S.; Chen, R.A.; Chen, Y.H.; Shen, T.C.; Ho, C.T.; Liu, C.J.; Chuang, H.L.; et al. Healthy
diet intervention reverses the progression of NASH through gut microbiota modulation. Microbiol. Spectr. 2024, 12, e0186823.
[CrossRef] [PubMed]

227. Montemayor, S.; García, S.; Monserrat-Mesquida, M.; Tur, J.A.; Bouzas, C. Dietary Patterns, Foods, and Nutrients to Ameliorate
Non-Alcoholic Fatty Liver Disease: A Scoping Review. Nutrients 2023, 15, 3987. [CrossRef]

228. Lee, J.Y.; Kim, S.; Lee, Y.; Kwon, Y.J.; Lee, J.W. Higher Adherence to the Mediterranean Diet Is Associated with a Lower Risk of
Steatotic, Alcohol-Related, and Metabolic Dysfunction-Associated Steatotic Liver Disease: A Retrospective Analysis. Nutrients
2024, 16, 3551. [CrossRef] [PubMed]

229. Del Bo, C.; Perna, S.; Allehdan, S.; Rafique, A.; Saad, S.; AlGhareeb, F.; Rondanelli, M.; Tayyem, R.F.; Marino, M.; Martini, D.; et al.
Does the Mediterranean Diet Have Any Effect on Lipid Profile, Central Obesity and Liver Enzymes in Non-Alcoholic Fatty Liver

https://doi.org/10.1016/j.clnesp.2024.02.001
https://www.ncbi.nlm.nih.gov/pubmed/38479918
https://doi.org/10.3389/fnut.2024.1366883
https://www.ncbi.nlm.nih.gov/pubmed/38571752
https://www.ncbi.nlm.nih.gov/pubmed/28894701
https://doi.org/10.1093/jn/137.2.399
https://doi.org/10.1186/s12876-021-01612-z
https://www.ncbi.nlm.nih.gov/pubmed/33509112
https://doi.org/10.1016/j.nut.2022.111836
https://www.ncbi.nlm.nih.gov/pubmed/36202025
https://doi.org/10.1016/j.fct.2018.01.029
https://doi.org/10.1038/s41598-017-11744-6
https://doi.org/10.1017/S0007114516001793
https://doi.org/10.1007/s00394-020-02392-0
https://doi.org/10.1016/j.bbalip.2019.158530
https://doi.org/10.3390/microorganisms7020061
https://doi.org/10.3390/nu12061705
https://doi.org/10.1111/jgh.15042
https://www.ncbi.nlm.nih.gov/pubmed/32198788
https://doi.org/10.3390/nu10091154
https://doi.org/10.3390/nu11102393
https://www.ncbi.nlm.nih.gov/pubmed/31591348
https://doi.org/10.1186/s40168-018-0433-4
https://www.ncbi.nlm.nih.gov/pubmed/29566748
https://doi.org/10.1128/spectrum.01868-23
https://www.ncbi.nlm.nih.gov/pubmed/38018983
https://doi.org/10.3390/nu15183987
https://doi.org/10.3390/nu16203551
https://www.ncbi.nlm.nih.gov/pubmed/39458545


Nutrients 2025, 17, 143 39 of 43

Disease (NAFLD) Subjects? A Systematic Review and Meta-Analysis of Randomized Control Trials. Nutrients 2023, 15, 2250.
[CrossRef] [PubMed]

230. Haigh, L.; Kirk, C.; El Gendy, K.; Gallacher, J.; Errington, L.; Mathers, J.C.; Anstee, Q.M. The effectiveness and acceptability of
Mediterranean diet and calorie restriction in non-alcoholic fatty liver disease (NAFLD): A systematic review and meta-analysis.
Clin. Nutr. 2022, 41, 1913–1931. [CrossRef] [PubMed]

231. Calabrese, F.M.; Disciglio, V.; Franco, I.; Sorino, P.; Bonfiglio, C.; Bianco, A.; Campanella, A.; Lippolis, T.; Pesole, P.L.; Polignano, M.;
et al. A Low Glycemic Index Mediterranean Diet Combined with Aerobic Physical Activity Rearranges the Gut Microbiota
Signature in NAFLD Patients. Nutrients 2022, 14, 1773. [CrossRef] [PubMed]

232. Gómez-Pérez, A.M.; Ruiz-Limón, P.; Salas-Salvadó, J.; Vioque, J.; Corella, D.; Fitó, M.; Vidal, J.; Atzeni, A.; Torres-Collado, L.;
Álvarez-Sala, A.; et al. Gut microbiota in nonalcoholic fatty liver disease: A PREDIMED-Plus trial sub analysis. Gut Microbes 2023,
15, 2223339. [CrossRef] [PubMed]

233. Khavandegar, A.; Heidarzadeh, A.; Angoorani, P.; Hasani-Ranjbar, S.; Ejtahed, H.S.; Larijani, B.; Qorbani, M. Adherence to the
Mediterranean diet can beneficially affect the gut microbiota composition: A systematic review. BMC Med. Genom. 2024, 17, 91.
[CrossRef]

234. Luukkonen, P.K.; Dufour, S.; Lyu, K.; Zhang, X.M.; Hakkarainen, A.; Lehtimäki, T.E.; Cline, G.W.; Petersen, K.F.; Shulman, G.I.;
Yki-Järvinen, H. Effect of a ketogenic diet on hepatic steatosis and hepatic mitochondrial metabolism in nonalcoholic fatty liver
disease. Proc. Natl. Acad. Sci. USA 2020, 117, 7347–7354. [CrossRef] [PubMed]

235. De Nucci, S.; Bonfiglio, C.; Donvito, R.; Di Chito, M.; Cerabino, N.; Rinaldi, R.; Sila, A.; Shahini, E.; Giannuzzi, V.; Pesole, P.L.;
et al. Effects of an Eight Week Very Low-Calorie Ketogenic Diet (VLCKD) on White Blood Cell and Platelet Counts in Relation to
Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD) in Subjects with Overweight and Obesity. Nutrients 2023,
15, 4468. [CrossRef] [PubMed]

236. Pataky, Z.; Genton, L.; Spahr, L.; Lazarevic, V.; Terraz, S.; Gaïa, N.; Rubbia-Brandt, L.; Golay, A.; Schrenzel, J.; Pichard, C. Impact
of Hypocaloric Hyperproteic Diet on Gut Microbiota in Overweight or Obese Patients with Nonalcoholic Fatty Liver Disease: A
Pilot Study. Dig. Dis. Sci. 2016, 61, 2721–2731. [CrossRef]

237. Guevara-Cruz, M.; Hernández-Gómez, K.G.; Condado-Huerta, C.; González-Salazar, L.E.; Peña-Flores, A.K.; Pichardo-Ontiveros,
E.; Serralde-Zúñiga, A.E.; Sánchez-Tapia, M.; Maya, O.; Medina-Vera, I.; et al. Intermittent fasting, calorie restriction, and
a ketogenic diet improve mitochondrial function by reducing lipopolysaccharide signaling in monocytes during obesity: A
randomized clinical trial. Clin. Nutr. 2024, 43, 1914–1928. [CrossRef]

238. Jia, B.; Park, D.; Chun, B.H.; Hahn, Y.; Jeon, C.O. Diet-Related Alterations of Gut Bile Salt Hydrolases Determined Using a
Metagenomic Analysis of the Human Microbiome. Int. J. Mol. Sci. 2021, 22, 3652. [CrossRef] [PubMed]

239. Lange, M.; Nadkarni, D.; Martin, L.; Newberry, C.; Kumar, S.; Kushner, T. Intermittent fasting improves hepatic end points in
nonalcoholic fatty liver disease: A systematic review and meta-analysis. Hepatol. Commun. 2023, 7, e0212. [CrossRef]

240. Gallage, S.; Ali, A.; Barragan Avila, J.E.; Seymen, N.; Ramadori, P.; Joerke, V.; Zizmare, L.; Aicher, D.; Gopalsamy, I.K.; Fong, W.;
et al. A 5:2 intermittent fasting regimen ameliorates NASH and fibrosis and blunts HCC development via hepatic PPARα and
PCK1. Cell Metab. 2024, 36, 1371–1393.e1377. [CrossRef] [PubMed]

241. Deng, J.; Feng, D.; Jia, X.; Zhai, S.; Liu, Y.; Gao, N.; Zhang, X.; Li, M.; Lu, M.; Liu, C.; et al. Efficacy and mechanism of intermittent
fasting in metabolic associated fatty liver disease based on ultraperformance liquid chromatography-tandem mass spectrometry.
Front. Nutr. 2022, 9, 838091. [CrossRef] [PubMed]

242. Paukkonen, I.; Törrönen, E.N.; Lok, J.; Schwab, U.; El-Nezami, H. The impact of intermittent fasting on gut microbiota: A
systematic review of human studies. Front. Nutr. 2024, 11, 1342787. [CrossRef]

243. Hu, X.; Xia, K.; Dai, M.; Han, X.; Yuan, P.; Liu, J.; Liu, S.; Jia, F.; Chen, J.; Jiang, F.; et al. Intermittent fasting modulates the intestinal
microbiota and improves obesity and host energy metabolism. NPJ Biofilms Microbiomes 2023, 9, 19. [CrossRef] [PubMed]

244. Zhu, Y.; Yang, H.; Zhang, Y.; Rao, S.; Mo, Y.; Zhang, H.; Liang, S.; Zhang, Z.; Yang, W. Dietary fiber intake and non-alcoholic fatty
liver disease: The mediating role of obesity. Front. Public Health 2022, 10, 1038435. [CrossRef] [PubMed]

245. Zhao, H.; Yang, A.; Mao, L.; Quan, Y.; Cui, J.; Sun, Y. Association Between Dietary Fiber Intake and Non-alcoholic Fatty Liver
Disease in Adults. Front. Nutr. 2020, 7, 593735. [CrossRef] [PubMed]
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