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Abstract: Background: The gut microbiota constitutes a complex microorganism community that
harbors bacteria, viruses, fungi, protozoa, and archaea. The human gut bacterial microbiota has
been extensively proven to participate in human metabolism, immunity, and nutrient absorption. Its
imbalance, namely “dysbiosis”, has been linked to disordered metabolism. Metabolic dysfunction-
associated steatotic liver disease (MASLD) is one of the features of deranged human metabolism and is
the leading cause of liver cirrhosis and hepatocellular carcinoma. Thus, there is a pathophysiological
link between gut dysbiosis and MASLD. Aims and Methods: We aimed to review the literature
data on the composition of the human bacterial gut microbiota and its dysbiosis in MASLD and
describe the concept of the “gut–liver axis”. Moreover, we reviewed the approaches for gut microbiota
modulation in MASLD treatment. Results: There is consolidated evidence of particular gut dysbiosis
associated with MASLD and its stages. The model explaining the relationship between gut microbiota
and the liver has a bidirectional organization, explaining the physiopathology of MASLD. Oxidative
stress is one of the keystones in the pathophysiology of MASLD and fibrosis generation. There
is promising and consolidated evidence for the efficacy of pre- and probiotics in reversing gut
dysbiosis in MASLD patients, with therapeutic effects. Few yet encouraging data on fecal microbiota
transplantation (FMT) in MASLD are available in the literature. Conclusions: The gut dysbiosis
characteristic of MASLD is a key target in its reversal and treatment via diet, pre/probiotics, and FMT
treatment. Oxidative stress modulation remains a promising target for MASLD treatment, prevention,
and reversal.

Keywords: gut microbiota; dysbiosis; gut–liver axis; probiotics; liver steatosis; oxidative stress

1. Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD) can be considered
a hepatic feature of metabolic syndrome [1]. Histologically, MASLD is defined by the
presence of hepatic steatosis in up to about 5–30% of liver biopsies performed on patients
without heavy alcohol consumption or other causes of chronic liver disease (e.g., viral,
alcohol, drugs, primary hepatic disease, etc.) [2]. Indeed, the features of MASLD range from
steatosis to non-alcoholic steatohepatitis (namely NASH), characterized by liver fibrosis
development until cirrhosis and hepatocellular carcinoma [3]. The change in nomenclature
from NAFLD to MASLD took place in 2023, following an accurate Delphi process and
multisocietary consensus [4]. In detail, the term “non-alcoholic” from NAFLD does not
include the etiology of the disease. Moreover, there are patients with risk factors for NAFLD

Antioxidants 2024, 13, 1386. https://doi.org/10.3390/antiox13111386 https://www.mdpi.com/journal/antioxidants

https://doi.org/10.3390/antiox13111386
https://doi.org/10.3390/antiox13111386
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0002-2101-1118
https://orcid.org/0000-0002-7084-8264
https://orcid.org/0000-0002-5922-1524
https://doi.org/10.3390/antiox13111386
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox13111386?type=check_update&version=1


Antioxidants 2024, 13, 1386 2 of 23

(e.g., type 2 diabetes or moderate alcohol consumption) excluded from clinical trials and
disease treatment. In addition, there is an overlap of pathophysiological processes that
contribute to both NAFLD and alcohol-associated/related liver disease (ALD). Thus, in
2020, Eslam et al. proposed the use of the term metabolic dysfunction-associated fatty liver
disease (MAFLD). The latter includes patients with a fatty liver, regardless of the amount
and pattern of alcohol intake [5]. However, there have been concerns about the group
of etiologies included in the definition. Further, there are concerns about the use of the
term “fatty”, which could restrict the population to those with two metabolic risk factors
and with more liberal alcohol use. Altogether, these changes in diagnostic criteria could
have a negative impact on the diseases’ biomarkers and future therapeutic approaches.
Thus, the new MASLD nomenclature includes the presence of at least one out of five
cardiometabolic risk factors. Therefore, a new definition of disease, termed metabolic and
alcohol-related/associated liver disease (MetALD), was introduced to describe patients
with MASLD who consume greater amounts of alcohol per week (140–350 g/week and
210–420 g/week for females and males, respectively) [4]. The new definition overcomes
the stigma of the term “fatty”, differentiates moderate use from the abuse of alcohol, and
includes the pathophysiologic dysmetabolic milieu of the disease.

The worldwide prevalence of MASLD has grown to 37.3% of the general population [3].
The pathophysiology of MASLD is complex and multifaceted. All the stages of MASLD
recognize, as the first step, the excessive accumulation of lipids in the liver. The latter can
depend on the consumption of a high-calorie, high-fat diet (namely a Westernized diet) and
increased lysis of adipose tissue and the de novo hepatic genesis of adipose tissue [6]. Other
etio-pathogenetic factors are genetic and epigenetic, metabolic (e.g., insulin resistance and
lipidic profile toxicity), oxidative stress and mitochondrial dysfunction, and finally, the
derangement of the microbiota–gut–liver axis [7].

Interestingly, MASLD patients exhibit a typical “dysbiosis” (namely qualitative and
quantitative change) in their gut microbiota, which is caused by increased gut permeability
and the translocation of intestinal bacterial antigens to the liver via the enterohepatic
circulation [8,9].

The composition of the gut microbiota is influenced by geographical, genetic, dietary,
and lifestyle factors [10]. Thus, there is a need for efficient and non-time-consuming
methods that are able to analyze variations in microbiota composition. In this regard,
newer non-culture-based techniques such as 16S-rRNA sequencing and metagenomic
methods allow for high-accuracy approaches to reveal changes in the structure of the
gut microbiota. They belong to the “targeted” and “non-targeted” methods, respectively.
Targeted versions can detect specific sequences (namely the target sequence) in the gene by
using targeted amplification and detection. On the other hand, non-targeted sequencing
can be used to study entire genome sequencing, which accurately distinguishes the genetic
differences between strains but costs time and energy. Thus, new-generation metagenomic
sequencing can be used to obtain all genetic information for the reconstruction of gut
microbiota taxa starting directly from the sample under examination [11]. However, despite
the promising and efficient methods of studying the gut microbiota, there is still a lot of
research being conducted to study and define the precise interaction between gut dysbiosis
and MASLD pathophysiology.

Oxidative stress has a relevant role in the gut–liver axis. It has been described in drug-
induced liver injury (DILI) [12], toxicant-associated fatty liver disease (TAFLD) [13], alcohol-
associated liver disease (ALD) [14], and mostly in MASLD [15]; in fact, mitochondria,
endoplasmic reticula (ER), and peroxisomes are damaged and become dysfunctional.
Therefore, the overproduction of reactive oxygen species (ROS) occurs [16,17]. This starts a
vicious cycle [15], and as a result, oxidative stress causes DNA oxidation, lipid peroxidation,
oxidative protein alterations, the derangement of fat metabolism, systemic inflammation,
and tissue damage [18,19]. Altogether, these damages catalyze the progression of liver
diseases of any origin [20].
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On the other hand, hepatocytes react to oxidative stress in a sophisticated way: hepatic
stellate cells (HSCs) activated by ROS and damage-associated molecular patterns (DAMPs)
derived from damaged hepatocytes will contribute to building the extracellular matrix
that composes fibrotic tissue [18]. Oppositely, Kupffer cells are activated by endotoxins
(namely lipopolysaccharides (LPSs)) or superoxide anions and will contribute to ROS
production through the stimulation of NADPH-dependent oxidases (NOXs) and the redox-
sensitive transcription factor nuclear factor-κB (NF-κB)-mediated pro-inflammatory storm
of cytokines, chemokines, and cell adhesion molecules (CAMs) [18]. As a final step,
hepatocytes will respond through necrotic and apoptotic pathways.

Thus, we reviewed data from scientific literature on the composition of healthy gut
microbiota and on gut dysbiosis in MASLD patients with a focus on the gut–liver axis con-
cept and oxidative stress. Finally, we reviewed the evidence on gut microbiota modulation
for MASLD treatment.

2. Materials and Methods

We conducted a search on PubMed and Medline for literature data (namely original
articles, reviews, meta-analyses, and case series) using the following keywords, their
acronyms, and their associations (e.g., “and”): gut microbiota, dysbiosis, gut–liver axis,
probiotics, liver steatosis, and oxidative stress. We chose these keywords because they are
the most representative of the relationship between the gut microbiota, liver steatosis, and
oxidative stress pathophysiological link. Moreover, preliminary evidence from abstracts
from the main national and international hepatological and gastroenterological meetings
(e.g., the Italian association for liver disease study, the European association for the study
of liver disease, United European Gastroenterology Week, and Digestive Disease Week)
was also included. The articles found in the search were reviewed by two of the authors
(E.S. and L.A). The last Medline search was operated on 31 July 2024.

3. Results
3.1. Gut Microbiota and MASLD
3.1.1. Gut Microbiota “Eubiosis”

The gut microbiota harbors the superficial mucous layer of intestinal mucosa (namely
the “permanent“ gut microbiota) but most bacteria harbor the stool (namely “transient“ gut
microbiota) [21]. The peristaltic intestinal interdigestive and digestive motility (regulated by
the enteric nervous system), gastric juice, pancreatic and biliary secretions, the enterocytes’
life cycle, the immune system, and the liver modulate the gut microbiota composition
during the lifespan [22].

The microbiota is already present in the gut during the prenatal period [23,24]. At this
age, the microbes’ composition is affected by placental function, maternal health status, and
diet. Furthermore, the type of delivery (namely vaginal vs. caesarean), breastfeeding vs.
formula feeding, geographical differences, environmental hygiene, and, finally, interactions
with family members are all factors conditioning the gut microbiota composition in infancy
and childhood [13]. The gut microbiota will have an increasing diversity up to the reaching
of three years of age. Afterwords, the microbiota’s composition will stabilize, reaching the
adulthood makeup [25].

Interestingly, adults’ gut microbial composition is mainly affected by environmental
factors rather than host genetics. Among the various factors, we can include age, diet,
physical activity, gastrointestinal motility and secretive functions (specifically GI tract
pH and oxidative status), the use of acid suppressive treatments, the use and misuse of
antibiotics, and toxic substances within the environment [14,26].

In detail, two out of twelve phyla of the adult human bacterial gut microbiota are
considered major: the Gram-positive bacteria Firmicutes (60% of the whole bacterial gut
microbiota), with their two main classes represented by Bacilli (ranging from obligate to
facultative aerobes) and Clostridia (anaerobic), and Bacteroidetes (10% of the whole bac-
terial gut microbiota), which are Gram-negative anaerobic bacteria. Further, Actinobac-
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teria, Proteobacteria, Fusobacteria, and Verrucomicrobia (Akkermansia) are less represented
phyla [14,15].

The gut microbiota dynamically interacts with the intestinal mucosa, whose layer
is made up of enterocytes. Enterocytes participate in the absorption of nutrients (e.g.,
sugars, lipids, peptides, and amino acids), ions, water, and vitamins, and, importantly,
they regulate transcellular and intestinal permeability. In addition, the intestinal mucosa
also includes goblet cells that release mucin, tuft cells with chemo-sensing and immune-
surveillance functions, and enteroendocrine cells that produce hormones that regulate
GI motility, hunger, appetite, and, finally, gut microbiota composition. Among these, we
list motilin, cholecystokinin, glucagon-like peptide 1 (GLP-1), GLP-2, peptide YY (PYY),
vasoactive intestinal peptide (VIP), and fibroblast growth factor 19 (FGF-19). The intestinal
wall recognizes as an immune effector the lymphoid tissue associated with the mucosa
(MALT), whose main actors are the Microfold (“M”) cells that sample luminal antigens for
subsequent presentation [27].

Typically, enteric cells connect to each other through tight junctions, adherens junctions,
and, finally, desmosomes. These junctions peculiarly interact with the cellular cytoskeleton
and regulate paracellular permeability [28].

The lamina propria must also be mentioned, which includes B and T lymphocytes
and phagocytes, is in the other intestinal wall layers, and is responsible for adaptive im-
munity [13,14]. Interestingly, gut microbes continuously communicate with their host
and maintain their homeostasis and specifically natural and adaptive immunity within
the intestinal lymphoid tissues [29]. Therefore, pattern recognition receptors (PRRs) are
superficialized on dendritic cells, macrophages, monocytes, neutrophils, and epithelial cells,
and they can detect pathogen-associated molecular patterns (PAMPs), microbe-associated
molecular patterns (MAMPs), and damage-associated molecular patterns (DAMPs) from
the surface and luminal gut microbiota. Consequently, the translocation of bacteria
and/or their particles/products across the intestinal enterocytes’ barrier is selectively
prevented [17].

3.1.2. Gut Microbiota Dysbiosis and MASLD

Non-alcoholic fatty liver disease (NAFLD) is the most diffused chronic liver disease,
characterized by excessive hepatic storage of triglycerides in patients with “no or little
alcohol consumption” [2]. The term NAFLD was reclassified first as metabolic dysfunction-
associated fatty liver disease (MAFLD) and then as metabolic dysfunction-associated
steatotic liver disease (MASLD) to avoid the bias arising from the stigma of the terms
“non-alcoholic” and “fatty” [2,30]. Thus, patients with MASLD have a micro-inflammatory
status, impaired intestinal permeability, increased visceral obesity, and gut dysbiosis [31].

In NAFLD patients, gut dysbiosis is characterized by a reduced Bacteroidetes/Firmicutes
ratio, where the growth of noxious genera and a relative abundance of alcohol-producing
bacteria are observed [32]. In detail, NAFLD can show decreased abundance of Bac-
teroidetes and Ruminococcaceae and increased abundance of Lactobacillaceae, Veillonellaceae,
and Dorea [33] and increased abundance of the genus Lactobacillus and the family Lac-
tobacillaceae and lower abundance of Bacteroidetes and Firmicutes and of Ruminococcus,
Faecalibacterium prausnitzii, and Coprococcus. Importantly, these characteristics are typical
of both liver steatosis and of steatohepatitis patients. They are not affected by BMI or
severity of insulin resistance [26,27]. In addition, NAFLD patients have an increased abun-
dance of Lactobacillus species and the Lachnospiraceae genus (e.g., Dorea, Robinsoniella, and
Roseburia) and a decreased abundance of Oscillibacte (particularly the Firmicutes phylum
and the Ruminococcaceae genus) compared to healthy subjects [34]. More precisely, an
updated systematic review and meta-analysis of data revealed that NAFLD patients have
similar abundances of Bacteroides, Bifidobacterium, Blautia, Clostridium, Dorea, Lactobacil-
lus, Parabacteroides, and Roseburia compared to healthy controls. However, they have a
higher representation of Escherichia, Prevotella, and Streptococcus and a decreased abundance
of Coprococcus, Faecalibacterium, and Ruminococcus [35]. In 25 NAFLD patients, a higher
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concentration of the Proteobacteria and Fusobacteria phyla and a lower concentration of
Prevotella compared to healthy subjects was found [36]. Further, Korean NAFLD patients
had an increased abundance of the phylum Proteobacteria, the family Enterobactereriaceae,
and the genus Citrobacter and a decreased abundance of the genus Faecalibacterium com-
pared to healthy subjects. Of mention, NAFLD patients had a decreased abundance of
butyrate-producing bacteria and an increased abundance of ethanol-producing bacterial
strains [37].

In 205 NAFLD (n = 205) and 943 non-NAFLD subjects, gut dysbiosis was examined
excluding the biasing impact of obesity and sex: the family Ruminococcaceae and the genus
Faecalibacterium had significantly lower representation in NAFLD vs. non-NAFLD sub-
jects [38]. In 766 NAFLD patients, the gut microbiota showed a lower richness because
of a high abundance of Fusobacteria and a low abundance of the genera Oscillospira and
Ruminococcus of the family Ruminococcaceae and the genus Coprococcus of the family Lach-
nospiraceae compared to healthy controls [39].

From a functional point of view, in children with MASLD, gut dysbiosis is associated
with a higher degree of ingested carbohydrate oxidation compared to healthy children [40].
More in detail, children with NAFLD and also those with NASH showed a significant
decline in microbial α-diversity, defined by a reduction in the number of different microbial
taxa without the loss of metabolic patterns. The study also found a greater variation in
β-diversity (the dissimilarity or distance between microbiome pairs) [21]. In particular,
the increased concentration of Prevotella copri was associated with NAFLD development.
Interestingly, NAFLD severity was associated with a higher expression of genes encod-
ing lipopolysaccharides (LPSs) and the flagellar apparatus, antigens linked to a micro-
inflammatory state [41]. Indeed, LPSs can activate toll-like receptor 4 (TLR4) and the innate
immunity process. LPSs are part of the cell walls of Gram-negative bacteria like the phylum
Proteobacteria and the genera Bacteroides and Prevotella. Peculiarly, TLR4 activation triggers
Th17 cell development from naïve CD4 T cells. In this regard, Th17 cells are elevated in
NAFLD and in obesity patients showing NASH evolution [42]. Further, flagellin also trig-
gers the innate immune response via toll-like receptor 5 (TLR5) and the nucleotide-binding
oligomerization domain (NOD)-like receptor-mediated inflammasome [22]. Hepatotoxic
gut microbiome metabolites (trimethylamine, ammonia, trimethylamine-N-oxide, and
endogenous alcohol) are transported to the organ through portal circulation [43,44], leading
to the activation and release of proinflammatory cytokines and nitric oxide by hepatic
Kupffer cells in this inflammatory environment [25].

It is interesting to examine the interaction between MASLD and obesity and their
impact on gut dysbiosis. In Asia, Lee et al. distinguished patients with NAFLD/MASLD
and obesity from non-obese NAFLD patients. Specifically, NAFLD/MASLD and obesity
patients had a lower abundance of Ruminococcaceae, an increased abundance of Veillonel-
laceae, and, in general, low microbial diversity compared to non-obese patients. This gut
dysbiosis was significantly associated with more severe liver fibrosis [45].

The gut microbiota also accounts for viruses and fungi in addition to protea, yeasts,
and archaea. Intestinal virus and fungi communities show differences among patients
with NAFLD/MASLD [46,47]. Lang et al. found that NAFLD/MASLD patients with an
increased NAS (NAFLD activity score) have decreased bacteriophage diversity compared
to patients with a low NAS [35]. Further, Demir et al. found that non-obese patients with
more severe forms of NAFLD/MASLD have a different fecal mycobiome compared to
patients with obesity with less severe NAFLD/MASLD forms [36] (Table 1).

In conclusion, we can assume that the evidence summarized in Table 1 mainly resem-
bles the gut bacterial dysbiosis typical of MASLD and distinguishing its stages (namely
MASLD vs. MASH patients). The uniformity of study methods confirms the strength of
the evidence. Obesity seems to affect the gut dysbiosis of MASLD vs. cirrhotic patients.
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Table 1. Gut dysbiosis and MASLD stages.

Liver Condition Bacterial Dysbiosis Reference

MASLD vs. non-MASLD group (90 vs. 90 subjects)
undergoing metagenomic shotgun sequencing

Slackia and Dorea formicigenerans ↑ in MASLD subjects
Methanobrevibacter and Phascolarctobacterium ↓ in

MASLD subjects
[48]

MASLD (n = 12) vs. MASH (n = 18) vs. HV (n = 27)
undergoing 16S rRNA analysis Fusobacteria and Fusobacteriaceae ↑ in MASH subjects [49]

MASLD (n = 65) vs. HV (n = 76) undergoing 16S
rRNA analysis Collinsella ↑ in MASH subjects [50]

MASLD (n = 205) vs. HV (n = 669) undergoing 16S
rRNA analysis

Ruminococcaceae and Faecalibacterium ↓ in MASLD
subjects [27]

MASLD (n = 472) vs. HV (n = 883) subjects
undergoing 16S rRNA analysis

Coprococcus ↓ and Ruminococcus Gnavus ↑ in MASLD
subjects [51]

MASLD (n = 15) vs. MASH (n = 24) vs. HV (n = 28)
subjects undergoing 16S rRNA analysis

Ruminococcus, Faecalibacterium prausnitzii, and
Coprococcus ↓ in MASLD subjects [21]

MASLD (n = 30) vs. MASH until LC (n = 26) subjects
undergoing 16S rRNA analysis

Bacteroides ↑ as hallmark of MASH diagnosis;
Ruminococcus ↑ is an independent hallmark of

increasing liver fibrosis
[52]

MASLD (n = 28) vs. MASH (n = 9) with severe liver
steatosis undergoing 16S rRNA analysis

Clostridium spp. ↓ according to increasing steatosis
stage; Escherichia/Shigella ↑ according to increasing

liver fibrosis
[53]

MASH (n = 17) vs. LC (n = 25) and HV (n = 51)
subjects undergoing 16S rRNA analysis

Gram-negatives ↑ in MASH subjects and Megasphaera
spp. ↑ in LC subjects [54]

Table legend: ↑—increased abundance; ↓—decreased abundance; MASLD—metabolic-dysfunction-associated
fatty liver disease; MASH—metabolic dysfunction-associated steatohepatitis; HV—healthy volunteers; LC—
liver cirrhosis.

3.1.3. Microbiota and “Gut–Liver Axis”

The gut–liver axis is a physiopathological model describing the interplay between the
gut wall and the liver through porto-systemic circulation, with the gut microbiota being the
main actor [55]. Intestinal epithelial cells are connected by dynamic tight junctions (TJs). The
main proteins belonging to TJs are claudins, occludins, zonula occludens-1, and junctional
adhesion molecules (JAMs) [7,56,57]. TJs maintain the integrity of the gut epithelial barrier.
In detail, their 11 angstroms of width do not allow contact between the intestinal epithelial
cells (IECs) and microbial pathogens. On the other hand, they allow various nutrients to
enter the wall [7,58]. This limits the entry of pathogens via IgA secreted by plasma cells.
Moreover, interleukin-23 (IL-23) release induces the activation of group 3 innate lymphoid
cells producing IL-22. This promotes the production of antimicrobial peptides from Paneth
cells and IECs. Furthermore, portal vein blood enters the liver sinusoids, whose endothelial
cells activate the Kupffer cells that translocate into the periportal area and protect the liver
from pathogens and gut-derived toxins (e.g., trimethylamine (TMA), p-cresol (PC), and
H2S) [7,45,59]. Interestingly, the liver parenchyma harbors fewer T cells, which are less
protective against pathogens/antigens/toxics compared intestinal intra-epithelial ones.

Indeed, the “gut–liver” axis can be considered according to a bidirectional reading
style. Thus, the “liver–gut” axis has several actors. The bile composition accounts for bile
acids (BAs), IgA, antimicrobial peptides, and bicarbonates and has a deep host-defending
feature. BAs can be classified as primary, which may be conjugated with glycine/taurine
by hepatic cells and secreted in bile by the bile salt export pump (BSEP). Secondary BAs
are de-conjugated by the microbiota within the gut lumen [46].

The main bile acid receptors (namely the Farnesoid X-activated receptor (FXR) and
G protein-coupled bile acid receptor (GPBAR-1)) are in the gastrointestinal tract (e.g., the
liver and intestinal wall) [46]. Of mention, BAs have detergent properties and activate the
FXR. Both these actions modulate the gut microbiota composition. Conversely, Bacteroidetes,
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Lactobacillus, Bifidobacterium, and Clostridium operate the de-conjugation of BAs through
their production of bile salt hydrolase (BSH) [46,60].

Focusing on FXR agonism, BAs are the endogenous ligand of the FXR. In detail, chen-
odeoxycholic acid is the main agonist of the FXR. The stimulation of the FXR regulates the
BA composition and the transcription of factors associated with lipogenesis, inflammation,
and fibrosis. They are crucial in NAFLD/MASLD pathophysiology [46,47]. More in detail,
gut dysbiosis finely interacts with bile acids in MASLD patients. In fact, biopsy-proven
NASH patients have higher fasting and post-prandial plasmatic concentrations of sec-
ondary hydrophobic and cytotoxic deoxycholic acid and lithocholic acid [61]. Secondary
bile acids can affect enterocytes’ integrity and shape gut microbiota dysbiosis [27]. For all
these reasons, bile acids’ role as hormone-like agonists is affected by gut dysbiosis interac-
tion. In NAFLD patients, the antagonistic FXR effect of deoxycholic acid is upregulated
and the agonistic effect of chenodeoxycholic acid is downregulated. The latter follows the
plasmatic concentrations of the fibroblast growth factor (FGF19). Thus, there is altered
FXR and fibroblast growth factor receptor 4 (FGFR4) signaling [62]. Within this subset
of findings, NASH patients exhibited increased concentrations of total fecal bile acid and
particularly of primary cholic and chenodeoxycholic acid. Importantly, these concentra-
tions have been associated with a decreased abundance of Bacteroidetes and Clostridium
leptum [28]. Interestingly, the FXR also regulates the intestinal permeability of TJs. In detail,
FXR agonism results in the secretion of antimicrobial peptides by IECs. It is important to
point out that FXR location conditions its actions. In fact, the FXR located in the ileum
participates in the FXR/FGF15/FGF19 pathway (fibroblast growth factor 15 in rodents
and fibroblast growth factor 19 in humans) [63]. Altogether, the evidence shows that FXR
agonism within the liver could prevent de novo lipogenesis, inflammation, and fibrosis in
the frame of NAFLD/MASLD physiopathology [46–48].

When gut dysbiosis occurs, the gut–liver axis becomes unbalanced. In fact, the in-
testinal wall histology of NAFLD patients shows impaired gut permeability and that tight
junctions are widened. Furthermore, microvilli architecture is altered because of the de-
creased levels of the occludin protein compared to that in healthy subjects [6,7]. Thus, gut
dysbiosis can be the consequence of the reduction in TJs observed in mice fed a high-fat
diet (HFD). In particular, the reduction in TJs is associated with increased intestinal perme-
ability to PAMPs in the frame of a “leaky gut” [46–48]. Indeed, a Gram-negative bacterial
lipopolysaccharide (LPS) passes through the leaky gut to the portal vein and activates TLRs
4 and 9. The latter activates NF-kB and the inflammasome nucleotide-binding domain,
leucine-rich-containing family, and pyrin domain-containing-3 (NLRP3), resulting in the
various degrees of hepatic inflammation observed in NASH/MASH patients [64].

The macronutrient choline is metabolized into the liver to phosphatidylcholine, in-
volved in the synthesis of very-low-density lipoproteins (VLDLs). They prevent intra-
hepatic triglyceride accumulation and are protective against NAFLD [65]. The dietary
precursors of trimethylamine (TMA) are mainly choline, phosphatidylcholine, betaine, and
L-carnitine, from eggs, red meat, and fish [66]. Indeed, choline deficiency is associated with
liver steatosis and oxidative stress [67]. Subsequently, mice fed on a high-fat diet receiving
trimethylamine N-oxide (TMAO) showed liver triglyceride storage, lipogenesis, and in-
creased bile acid synthesis, especially those with FXR-antagonistic activity [47]. In fact, in
patients with obesity and type 2 diabetes (T2DM), increasing plasmatic concentrations of
TMAO, choline, and secondary bile acids dampen the risk of NAFLD and NASH [47]. In-
triguingly, the taxa Erysipelotrichia can turn choline into TMA, decreasing its bioavailability
and increasing its conversion to TMAO and its steatogenic effects [68].

In addition to TMA and LPS levels, an increased plasma bacterial ammonia concentra-
tion shows a significant correlation with NAFLD/MASLD prevalence. In fact, ammonia is
produced by bacterial fermentation of ingested proteins. The final products of the fermenta-
tion are ammonia and branched-chain fatty acids (BCFAs). Therefore, increased plasmatic
levels of ammonia and of BCFAs are involved in the development and progression of
NAFLD/MASLD [69].
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Figure 1 depicts the actors of the gut–liver axis and their interactions in physiologic
conditions and, when gut dysbiosis occurs, in the pathophysiology of NAFLD/MASLD.
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Figure 1. Interaction between gut dysbiosis and the liver in MASLD pathophysiology. The gut–liver
axis is a bidirectional functional model explaining the physiologic relationship between the gut
microbiome and the liver. In detail, gut dysbiosis components translocate into the liver through
impaired intestinal permeability. In further detail, PAMPs (e.g., LPS) activate the innate immune
system response. PAMPs sustain chronic low-grade inflammation based on the agonism of pattern
recognition receptors (PPRs, namely TLRs). BAs are signals mediating the shift towards suppressed
lipogenesis, reduced gluconeogenesis, and increased insulin sensitivity. These actions result from
the activation of nuclear receptors (e.g., FXR). In addition, BAs bind to G protein-coupled bile
acid receptors in adipose tissue for the maintenance of energy metabolic homeostasis. Within
the liver, TMA is converted to TMAO. The latter binds to endoplasmic reticulum oxidative stress
enzymes and induces cellular apoptosis and inflammation. Conversely, SCFAs maintain lower
degrees of inflammation. Similarly, indoles upregulate the anti-inflammatory 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase 3 (PFKFB3) gene expression and, on the other hand, reduce the
expression of genes responsible for lipogenesis (e.g., Srebf1, ACCA1, and PPARγ). Indeed, both
indoles and SCFAs restrain the entry of LPS into the blood torrent to the liver and re-establish
intestinal permeability. We show also the role of oxidative stress in the pathophysiology of hepatocyte
damage in the bottom-right box figure: free fatty acids (from lipolysis and favored synthesis by insulin
resistance) enter the hepatic cell with fat deposition and liver steatosis takes place because of de novo
lipogenesis. Fat accumulation is favored by the SREBP1c cascade. FFAs induce the inflammatory
response via the NF-kB pathway and mitochondrial oxidative stress that acts on the NRF2 pathway.
Liver fibrosis activates the alpha-SMA pathway that participates in the fibrotic process. List of
abbreviations: alpha-SMA—alpha-smooth muscle actin; BA—bile acid; FXR—Farnesoid X receptor;
LPS—lipopolysaccharide; NF-kB—nuclear factor kappa β; NRF2—nuclear factor erythroid 2-related
factor 2; PAMPs—pathogen-associated molecular patterns; PPAR—peroxisome proliferator-activated
receptors; SCFAs—short-chain fatty acids; SREBP1c—sterol regulatory element-binding protein 1c;
TGR5—bile acid G protein-coupled receptor 5; TLR—toll-like receptors; TMA—trimethylamine;
TMAO—trimethylamine oxide; ER—endoplasmic reticulum; SREBF1—sterol regulatory element-
binding transcription factor 1; ACCA1—acetyl-coenzyme A carboxylase carboxyl transferase subunit
alpha 1; BCFAs—branched-chain fatty acids.
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3.1.4. Oxidative Stress Within the Gut—Liver Axis Model for MASLD

Generally, oxidative stress and inflammation finely interact through a positive feed-
back loop. The result is liver fibrosis. In fact, the accumulation of ROS and lipid per-
oxidation (LPO) products leads to hepatocyte apoptosis/necrosis. The latter activates
HSCs [18]. These cells may promote fibrosis in the attempt to heal liver damage [18]. In de-
tail, the ROS-mediated activation of HSCs is followed by α-smooth muscle actin (α-SMA),
vimentin (VIM), and collagen storage in the extracellular matrices [18,70]. In addition, liver
fibrosis is also generated by the upregulation of the malondialdehyde/4-hydroxynonenal
(MDA/4-HNE) pathway. Particularly, profibrogenic matrix metalloproteinase-2 (MMP2)
upregulation and matrix metalloproteinase-1 (MMP1) remodel the hepatic extracellular
matrix [18,68].

In alcohol-induced ROS-mediated liver fibrosis, acetaldehyde and other reactive alde-
hydes stimulate the expression of fibrogenic transforming growth factor-β (TGF-β), which
results in the production of collagen and α-SMA [18,71]. Other post-translational modifi-
cations (namely acetylation and methylation) are involved in the progression of fibrosis
in ALD [18,72]. Indeed, tissue inflammation is worsened by impaired intestinal perme-
ability [18,53]. Specifically, hyper-endotoxemia interacts with toll-like receptor 4 (TLR4) in
Kupffer cells and produces NADPH-oxidase (NOX)-dependent ROS and HSCs [18,53]. Ad-
ditionally, nuclear factor erythroid 2-related factor (Nrf2) and its downstream antioxidant
enzymes and proteins may be exhausted, resulting in lowered antioxidant levels [18,53].

As the pathophysiology of MASLD has several similarities with ALD, altered lipid
metabolism contributes to lipotoxicity and peroxidation with endoplasmic reticulum (ER)
stress, mitochondrial dysfunction, and finally hepatocyte damage [18,53,73]. Firstly, fat
accumulation leads to steatosis, and then mitochondrial respiration increases and ROS
production rises, activating antioxidant responses [53,74]. Stored free fatty acids (FFAs)
compromise mitophagy responses through the activation of C-Jun N-terminal protein
kinase (JNK)-dependent apoptosis [53,71]. In MASH, inflammation and oxidative stress
show a vicious and positive feedback loop profile: hepatocyte apoptosis can impair cellular
respiration, mitophagy, and antioxidant response. When chronic inflammation, oxidative
stress, and hepatocyte apoptosis together trigger Kupffer cell and HSC activation and
neutrophil infiltration, fibrosis takes place [53,71].

Thus, despite the shared steps of pathophysiology involving ALD and MASLD, the
“multiple hit” hypothesis seems to better explain the features of MASLD/MASH. Specifi-
cally, increased fat accumulation can be considered the “first hit”, followed by oxidative
stress as the “second hit” [75]. Specifically, elevated FFAs are more hepatotoxic than
triglyceride accumulation. In fact, FFAs cause JNK-mediated hepatocyte apoptosis with a
subsequent cytokine storm and MASH progression [73]. In addition, FFA accumulation
leads to oxidative stress and causes an NF-κB-related inflammatory cascade and further
activation of HSCs [73]. More in detail, FFAs and ROS-induced liver cell apoptosis are
mediated by the B-cell lymphoma (Bcl)-2 and Bcl-2 Associated X-protein (Bax)-related
mitochondrial functioning derangement. Indeed, nicotinamide adenine dinucleotide phos-
phate oxidase 4 (NOX4) and ethanol-inducible cytochrome P450-2E1 (CYP2E1) can oxidize
long-chain FFAs, resulting in uncoupled electrons leaking from the mitochondrial electron
transport chain [68]. Moreover, after FFA oxidation in peroxisomes and the ER, oxidative
stress activates the Bax/Bcl-2 complex through fork head box (Fox)Oa3 and JNK [73,76].
Further, Bax release from Bcl-2 can induce a mitochondrial permeability transition (MPT)
following oxidative stress that results in cytochrome c release and the activation of caspase-
mediated apoptosis [74]. In addition, activated JNK stimulates Bax phosphorylation and
its translocation to mitochondria, with altered mitochondrial permeability and hepatocyte
apoptosis [74,77].

Cholesterol metabolism dysregulation significantly characterizes the progression of
MASLD. Indeed, in the frame of oxidative physiology maintenance, the cholesterol to bile
acid ratio is vital in supporting the homeostatic redox environment of HSCs [78]. In this
regard, cholesterol selectively induces oxidative stress and reduces liver fibrosis through
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HSC apoptosis induction [76]. In fact, a good cholesterol index (a higher concentration
of high-density lipoprotein (HDL) cholesterol and a lower concentration of low-density
lipoprotein (LDL) cholesterol) can significantly protect from MASLD development because
HDLs allow the liver filtration of LDLs and other fats and their excretion rather than storage
in target-damage organs like blood vessels and tissues (e.g., the liver) [76,79].

More in detail, elevated hepatic free cholesterol has been described in MASH patients
compared to healthy subjects [80]. In fact, high-fat, high-cholesterol diets are significantly
associated with MASH development compared with high-fat, low-cholesterol regimens [81].
Furthermore, cholesterol-enriched oxidate-LDL uptake by hepatic Kupffer cells fosters
inflammation in MASH patients [82]. This pathophysiological link is possible because of
the lysosomal cholesterol crystal formation within macrophages (a DAMP signal activating
the inflammasome) [83].

Fluctuations in cellular cholesterol concentrations are due to sterol regulatory element-
binding protein-2 (SREBP-2) gene expression. In fact, the gene activates 3-hydroxy-3-
methyl-glutaryl-coenzyme A reductase (HMGCR), responsible for cholesterol synthesis [84].
Further, comparing MASH and MASLD patients, a significantly higher expression of
SREBP-2 was shown in MASH patients only [85]. In Alms1 mutant (foz/foz) mice fed
with a high-fat diet, there was significant overexpression of SREBP-2 compared to wild-
type mice [80]. Interestingly, the mice had high concentrations of free cholesterol due
to elevated LDL-receptor (LDL-R)-mediated uptake and reduced bile synthesis and liver
secretion [86]. On the other hand, patients administered with statins showed significantly
reduced SREBP2 and HMGCR mRNA expression in liver samples compared to non-treated
MASLD/MASH patients. Furthermore, in diabetic and obese mice, the administration of
atorvastatin and ezetimibe, one reducing cholesterol production and the other its uptake
by HMGCR inhibition and the Niemann–Pick C1-like 1 (NPC1L1) proteins, significantly
reversed liver fibrosis of MASH mice [87].

The altered balance of bile acids’ synthesis (via cholesterol-7α-hydroxylase (CYP7A1)),
of their transportation (mainly through the ATP-binding cassette transporters (ABCG)5/8/B11
and Solute Carrier Family 10 Member 1 (SLC10A1)), and of their signaling (regulated by
the nuclear Farnesoid X receptor (FXR) and the liver X receptor (LXR)) contributes to the
progression of hepatic steatotic profibrogenic damage [62,88]. Intriguingly, when steroido-
genic acute regulatory protein (StarD1) is overexpressed in response to Western-diet mice
feeding, bile acid synthesis significantly rises. Therefore, there is reduced hepatic lipid
content (precisely, triacylglycerol, total cholesterol, and FFAs) [89]. Indeed, oxysterol 7α-
hydroxylase (CYP7B1, responsible for the oxysterol to bile acid conversion) is significantly
inhibited by increased StarD1 activity [89].

A dietary imbalance with excessive omega-6 polyunsaturated fatty acids (PUFAs)
and insufficient omega-3 PUFAs has been associated with NAFLD development [90]. In
fact, evidence from the literature has shown that NAFLD patients have a higher n-6/n-3
ratio and a lower PUFA content. Omega-3 PUFAs are represented by docosapentaenoic
acid (DPA), eicosapentaenoic acid (EPA), stearidonic acid (SDA), docosahexaenoic acid
(DHA), and alpha-linolenic acid (α-ALA) [91]. Only a small fraction of dietary ALA is
converted to DHA, which is the most prevalent omega-3 PUFA stored in the liver [81].
Following that, oxidative stress and free radical production leads to hepatic desaturase
inactivation and omega-3 PUFA depletion by reduced synthesis [92]. In the case of lowered
desaturase activity within the liver (namely obesity-induced NAFLD), studies in HFD-fed
mice showed upregulation of the SREBP-1c-dependent mRNA expression of fatty acid
desaturase (FADS)1 and FADS2 [93]. Importantly, this can be considered a feature of the
adaptive response to the reduced content of hepatic omega-3 PUFAs. This allows SREBP-1c
activation when insulin resistance is elicited [94].

On the other hand, increased oxidative stress may induce de novo lipogenesis through
upregulation of sterol regulatory element-binding protein-1 (SREBP-1) and mitochondrial
dysfunction in MASLD patients [76,77]. In MASH, ROS are generated by mitochondrial
electron leakage, pro-oxidative enzyme activation (namely CYP2E1 and NOX4), iron ac-
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cumulation, Fenton reaction metabolism, and antioxidant depletion [76,77]. Thus, we can
hypothesize that oxidative and lipotoxic stress can be buffered by several antioxidants.
Therefore, the Nrf2-induced antioxidant response element (ARE) pathway seems to be
crucial in MASLD prevention. In detail, the transcription factor Nrf2 physiologically binds
to Kelch-like ECH-associated protein (Keap)1. During oxidative stress occurrence, ROS
oxidizes Keap1, which is cleared up through ubiquitin-dependent degradation and releases
Nrf2. Upon Nrf2 release, it is bound to ARE in the cellular nucleus. Interestingly, activation
of the Nrf2/ARE pathway upregulates the transcription of several antioxidant enzymes
(namely heme-oxygenase (HO)-1 and Nicotinamide Adenine Dinucleotide Phosphate Hy-
drogen (NADPH)-dependent quinone reductase) and reduces glutathione (GSH) synthesis
enzymes (e.g., glutathione reductase (GR) and glutamate-cysteine ligase modifier subunit
(GCLM)) [76,77].

Several antioxidants have been used in animal and clinical research to treat MASLD:
vitamins E and C, caffeine, and coffee polyphenols [95]. The latter are mainly derived
from green tea. After coffee, green tea is the second most consumed beverage in the world.
Its major polyphenols are represented by flavanols, mainly catechins. Epigallocatechin-
3-gallate (EGCG) is the most abundant catechin found in tea. It represents 50–75% of
the catechins [96], with beneficial effects in humans. For example, Bose et al. found
reduced insulin resistance and liver steatosis in mice fed a Western diet with an EGCG
add-on [97]. Interestingly, Kuzu et al. showed that EGCG administration significantly
reduces liver steatosis and inflammation in rats fed a high-fat diet. These findings were
obtained through lipid peroxidation and CYP2E1 expression reduction and the restoration
of GSH levels [98]. Moreover, EGCG was shown to inhibit HSC activation in several in vitro
studies with human-derived HSCs [99]. Further, Xiao et al. found that intraperitoneal
EGCG administration in a rodent model of NASH was able to reduce liver fibrosis through
the suppression of oxidative stress and inhibition of NFkB, Akt, and TGF/Suppressor of
Mothers against Decapentaplegic (SMAD) signaling [100]. Thus, the use of EGCG in NASH
and, lately, MASH patients is warranted in future clinical trials.

Data from a recent systematic review of the literature show that EGCG administration
is also able to significantly decrease total cholesterol, triglycerides, and low-density lipopro-
tein (LDL) concentrations [101]. Lee et al. found that EGCG has a dose-dependent effect on
adipocyte differentiation genes. In particular, mRNA expression of PPAR, C/enhancer bind-
ing protein (EBP)-, lipoprotein lipase (LPL), and fatty acid synthase (FAS) were markedly
decreased upon EGCG treatment. This was significantly correlated with the reduction in
adipose tissue deposition [102]. Li et al. showed that EGCG supplementation can activate
silent information regulator-1 (SIRT-1) that increases the expression of fork head box protein
O1 (FOXO1) and, conversely, decreases the expression of SREBP-2. Subsequently, increased
FOXO1 expression increases antioxidant catalase activity [29].

Very interestingly and finally, mitochondria-targeting synthetic and natural antioxi-
dants (namely melatonin) have a promising potential to treat, prevent, and reverse MASLD
progression [78,103].

3.2. Gut Microbiota Modulation for MASLD Treatment
3.2.1. Diet in MASLD Treatment

The efficacy of diet in reshaping the gut microbiota is based on evidence from animal
studies. In mice, a high-fat diet was associated with a nearly 60% reshaping of the gut mi-
crobiota [104]. From a clinical and therapeutic point of view on MASLD, the Mediterranean
diet shows promising findings. This type of diet, high in vegetable and fruit intake, is
enriched with antioxidants (e.g., flavonoids and terpenes). Twenty individuals with obesity
were administered a Mediterranean diet and a low-fat, high-complex-carbohydrate diet
(LFHCC) for one year. Interestingly, there was a significant shift in their fecal microbiota
composition: an increased concentration of the Roseburia genus and F. prausnitzii [105].
Liver steatosis and type 2 diabetes were prevented accordingly. Other dietetic regimens
mimicking the Mediterranean diet mainly consist of vegetable-based diets. These regimes
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are rich in SCFAs, and the modulated gut microbiota of those who adhere to these diets
has been shown to have an abundance of Prevotella and fiber-degrading Firmicutes. Op-
positely, subjects with scarce adherence to the Mediterranean diet have higher urinary
trimethylamine oxide levels [106].

Diet can induce one-day-like quick shifts in gut microbiota composition. For example,
men exposed to a quick increase in the consumption of animal-derived products had a
similar increase in the relative abundance of Alistipes, Bilophila, and Bacteroides (specifically
bile-tolerant bacteria) and a decrease in the abundance of Firmicutes Roseburia, Eubacterium
rectale, and Ruminococcus bromii, and were capable of metabolizing plant-derived polysac-
charides [107].

In a study of men at risk of developing of metabolic syndrome, the subjects were
randomized to a high-saturated-fat diet, high-monounsaturated-fatty-acid (MUFA)/high-
glycemic-index (GI) diet, high-MUFA/low-GI diet, high-carbohydrate (CHO)/high-GI diet,
and high-CHO/low-GI diet. Typically, fecal Bacteroides abundance rose after consumption
of the high-CHO/high-GI diet, and the abundance of F. prausnitzii rose after the high-
CHO/low-GI diet. On the other hand, subjects administered with the high-MUFA/high-GI
and high-MUFA/low-GI diets showed reduced total bacteria count and increased fecal
SCFA concentration. This result can be explained by the response of the gut microbiota to
excessive energy intake [108]. The evidence was confirmed by a recent meta-analysis [109].

Spahis et al. supplemented 11 young French-Canadian males with NAFLD with
2 g/day of fish oil (1.2 g of EPA + DHA) for 6 months. This brought a significant increase
in red blood cell EPA and DHA levels and a decrease in oxidative stress markers. Both
resulted in reduced hepatic steatosis [110]. Subsequently, 30 young French-Canadian
NAFLD males underwent baseline dosing of plasma FA. The latter was characterized by
high n-6 PUFA, saturated FA, and monounsaturated FA and lower delta desaturase 5 (D5D)
and higher D6D activity. Three months of fish oil supplementation resulted in an improved
omega-3 PUFA profile, with a significant increase in EPA and DHA and D5D activity.
On the other hand, MUFA and the omega-6/omega-3 ratio significantly decreased [111].
Pacifico et al. evaluated the effect of six months of DHA supplementation (250 mg/day)
in 25 biopsy-proven NAFLD children. Significantly, there was an almost 50% reduction
in liver fat deposition shown in magnetic resonance imaging. There were also reduced
fasting insulin and triglyceride plasmatic levels [112]. Long-term fish oil supplementation
(503 mg/day DHA and 103 mg/day EPA) in adult NAFLD patients resulted in increased
red blood cell DHA concentrations and an increased omega-3 index (namely EPA + DHA)
and significantly reduced liver fibrosis [113]. In biopsy-proven NASH patients, a six-month
treatment of omega-3 PUFAs (64% ALA, 16% EPA, and 21% DHA) 0.945 g per day resulted
in increased plasma ALA and EPA concentrations, a decreased triglyceride concentration,
and an improvement/stabilization of the steatohepatitis activity score [114].

Pansevich et al. compared the effect of a soy- vs. dairy-protein-based diet on the gut
microbiota and liver steatosis of hyperphagic Otsuka Long-Evans Tokushima Fatty (OLETF)
rats. They were randomized to a Western diet containing a milk protein isolate (MPI), a soy
protein isolate (SPI), or 50:50 MPI/SPI (MS) (n = 9–10/group) for 16 weeks. Interestingly,
the SPI reduced fat mass compared to the MS but not compared to the MPI. Consequently,
histologically determined liver steatosis was lower after SPI compared to MPI or MS
administration. There was a reduced hepatic concentration of diacylglycerols after the
SPI compared to the MPI. This was associated with lower hepatic de novo lipogenesis
compared other diets. A fecal bacteria 16S rRNA analysis showed the SPI being associated
with an increased abundance of Lactobacillus and a decreased abundance of Blautia and
Lachnospiraceae. This resulted in a reduced concentration of fecal secondary bile acids in
the SPI-fed rats. Finally, the SPI and MS diet administrations were associated with higher
hepatic FXR, FGFR4, hepatocyte nuclear factor alpha (HNF4)a, HMGC reductase, and
synthase mRNA expression compared to the MPI [115].

Green tea catechins are supplements that have been widely studied over the past
two decades for NAFLD and lately for MASLD. Green tea flavonoids have significant
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anti-inflammatory and antioxidative actions [116]. In particular, EGCG has a potential
therapeutic profile in MASLD subjects. In fact, the reviewed rodent and human studies
support its clinical use. In further detail, at least 12 weeks of a 300–600 mg/day administra-
tion of EGCG is associated with an improved lipid profile, a reduced oxidative status, and
improved liver damage [117]. Randomized placebo-controlled human trials are needed to
confirm the mechanistic data.

3.2.2. Prebiotics, Probiotics, and Symbiotics in MASLD Treatment

Gut microbial composition can be restored to a healthy status by indigestible carbohy-
drates, namely prebiotics, microorganisms with beneficial effects for host health, namely
probiotics, or components of probiotics, namely postbiotics [118]. Thus, the gut microbiota
shows increased gut microbial diversity, and treated subjects show reduced LPS activation
and improved insulin sensitivity [119].

There are few data on the use of prebiotics in NAFLD/MASLD experimental models
and humans. However, a meta-analysis on 25 studies testing the use of prebiotics in obesity
found they had a significant impact on obesity and fat deposition [120]. Interestingly, the
association between prebiotics and phytochemicals shows a promising additive effect on
gut microbiota remodulation. In detail, alpha-galacto-oligosaccharides from legumes can
reduce nutrient ingestion and improve plasma lipids, free fatty acids, and triglyceride liver
storage, resulting in reduced liver steatosis in high-fat-diet-fed mice [121]. The plant fla-
vanol quercetin (specifically, the flavonoid group of polyphenols) can increase the intestinal
abundance of Akkermansia and, subsequently, can reduce hepatic fat accumulation [122].
Moreover, mice undergoing dietary supplementation with curcumin exhibit a taxonomic
shift in gut microbial composition and reduced liver steatosis associated with decreased fat
accumulation and improved intestinal permeability [123].

In vitro studies on Lactobacillus brevis showed its capability to restore intestinal perme-
ability (assessed with electrical resistance) after cytokine-induced barrier impairment. In
detail, the effect is explained by the production of anti-inflammatory IL-10 and alkaline
phosphatase that regulate endotoxin passage in the gut [124].

In obese diabetic mice, Bifidobacterium animalis ssp. lactis 420 significantly decreased
high-fat-diet-induced body weight increase and diabetes occurrence. Interestingly, the
probiotic reduced plasma LPS levels, liver inflammation, and E. coli adhesion in the distal
colon [125]. In addition, in a three-month randomized, double-blind, placebo-controlled
study, Szulinska et al. found a multispecies probiotic to improve glucose metabolism, lipid
asset, waist circumference, visceral fat, including liver steatosis, and LPS concentration in
postmenopausal women with obesity [119]. Mechanistically, in a randomized controlled
trial in diabetic patients, 4-week supplementation with Lactobacillus acidophilus NCFM®

improved insulin sensitivity through the reduction in LPS levels and agonism of TLRs
and the production of cytokines. Importantly, the systemic inflammatory response was
not modulated by the probiotic [126]. Furthermore, the use of a double-strain probiotic
with Lactobacillus and Bifidobacteria led to reduced levels of serum alanine aminotrans-
ferase in NAFLD patients [127]. Similar results were obtained with the administration of
Streptococcus thermophiles [128]. Akkermansia muciniphila is a metabolically acting probiotic
strain whose abundance, in turn, can be increased by dietary polyphenols, flavonoids,
and alkaloids [129]. However, we must recognize that a rodent study showed that the
increased abundance of Akkermansia muciniphila genotype 1 was correlated with impaired
lipid metabolism and a hyper-inflammatory state [130]. Following this strain investigation,
in humans with obesity vs. non-obese insulin-resistant humans, the randomized adminis-
tration of pasteurized Akkermansia muciniphila for three months was only slightly associated
with loss of body weight, but improved insulin sensitivity was shown [131]. In 90 subjects
with obesity under a 6-week calorie restriction, Akkermansia muciniphila supplementation
significantly reduced visceral (e.g., liver steatosis) and subcutaneous adiposity [132].
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In a mouse model, Faecalibacterium prausnitzii supplementation was shown to restore
intestinal barrier integrity. Conversely, its reduced abundance in the intestine correlates
with an increased inflammatory state and obesity [133].

Finally, Roseburia and Alistipes have been shown to protect humans from the develop-
ment of obesity and metabolic disorders [134].

In a mouse model of liver steatosis with probiotics administered for 4 weeks, liver
steatosis was significantly reduced [135]. Further, in a rat model of NAFLD on a choline-
deficient/L-amino-acid-defined (CDAA) diet, the rats were administered a butyrate-
producing probiotic, MIYAIRI 588, and showed significantly lowered hepatic triglyc-
eride storage, insulin resistance, serum endotoxin levels, and hepatic inflammatory blood
tests [136]. In humans, a pilot trial with a mixture containing 500 million Lactobacillus
bulgaricus and Streptococcus thermophiles/day was run in NAFLD patients. These patients
had improved liver aminotransferases levels [137]. Furthermore, the multi-strain probiotic
VSL#3 administered for 4 months was able to decrease liver steatosis in NALFD children,
observing a GLP-1 level increase [138].

Horvath et al. evaluated the impact of a 6-month treatment with a multispecies probi-
otic in combination with a symbiotic on intestinal permeability (specifically determined
through zonulin and LPS expression) and gut microbiota composition in a randomized,
double-blind, placebo-controlled trial. No significant derangements in taxonomic composi-
tion or alpha- or beta-diversity of the microbiome between groups at any time points of
follow-up were recorded. Indeed, the decreased expression of zonulin due to the symbiotic
led to better intestinal permeability [139]. More investigations on the use of symbiotics are
warranted, especially in the field of MASLD (Table 2).

Table 2. Impact of prebiotics, probiotics, symbiotics, and FMT on gut dysbiosis in MASLD.

Liver Condition Gut Microbiota Treatment Results Reference

MASLD patients with
diabetes mellitus (n = 60; 15

each arm), RCT

Prebiotics (butyrate and inulin, used
alone or in combination vs. placebo)

↑ A. muciniphila upon inulin and
butyrate administration; ↓ Kruppel-like

factor 5 mRNA expression; ↑
microRNA-375 after butyrate and
butyrate + inulin administration

[74]

MASLD patients (n = 24)
with and without diabetes

mellitus (n = 24) vs. HV
Probiotics Improved insulin sensitivity [140]

MASLD patients with
diabetes mellitus (n = 70) Probiotic with Lactobacillus casei spp. ↑ Lactobacillus and ↓ total count of

fecal bacteria [141]

MASLD (n = 26) patients
with obesity and diabetes

mellitus, RCT
Symbiotics

Reduced hip circumference; improved
intestinal permeability with ↓ zonulin

and LPS expression
[87]

MASLD (n = 63) patients
with obesity, RCT Symbiotics ↓ Firmicutes/Bacteroidetes ratio [142]

MASLD (n = 18) patients
FMT: 9 undergoing FMT from lean male
donors (allogenic group), 9 undergoing

self-FMT (autologous group)

↑ Gut microbial diversity with
increased abundance of

butyrate-producing Roseburia
Intestinalis and Eubacterium hallii

↓ Insulin resistance

[102]

MASLD (n = 38) patients
FMT: 26 undergoing FMT from lean male
donors (allogenic group), 12 undergoing

self-FMT (autologous group)
↑ Insulin sensitivity [98]

MASLD (n = 30) patients
FMT: 10 undergoing allogenic FMT from

lean vegan donors, 10 undergoing
autologous FMT

Allogenic FMT patients with fecal gut
microbial composition like those of

vegan donors
[99]

Table legend: ↑—increased abundance; ↓—decreased abundance; MASLD—metabolic dysfunction-associated fatty
liver disease; RCT—randomized clinical trial; LPS—lipopolysaccharide; FMT—fecal microbiota transplantation.
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The data presented in Table 2 show how the use of prebiotics in MASLD has little
beneficial evidence, perhaps partial and preliminary. On the other hand, animal and
human studies on the use of probiotics in MASLD seem more solid and show effective
gut microbiota modulation and lowered liver inflammation and hepatic fat deposition.
Specifically, different effects depend on certain strain/multi-strain preparations.

3.2.3. Fecal Microbiota Transplantation in MASLD Treatment

Fecal microbiota transplantation (FMT) is defined by the instillation of processed stool
bacteria collected from a healthy donor into the intestinal tract of a sick subject. Of mention,
the screening of donors is a limiting step to reduce the potential transfer of pathogens from
the donor to the recipient [143,144]. According to the novel FDA-approved formulations,
there are ingestible capsules and rectal suspensions. FMT was first approved for recurring
Clostridiales difficile infections [90,91].

FMT can effectively reverse gut dysbiosis from several causes and positively affect
metabolism in animal models and humans [145]. In fact, germ-free mice receiving FMT from
obese mice gained body weight [146]. The phenotype change depends on the increased
expression of genes encoding for enzymes digesting dietary polysaccharides and increased
energy harvesting. Similarly, human FMT donors from twins discordant for obesity were
instilled into normal weight germ-free mice and resulted in comparable findings [147].

In human interventional studies, metabolic syndrome patients showed improved
insulin sensitivity after 6 weeks from FMT administration [148]. However, the results are
promising but not uniform: two randomized controlled trials failed to confirm the findings
after allogenic FMT from lean donors [149,150]. Indeed, a meta-analysis of randomized
controlled trials in metabolic syndrome subjects reinforced the short cycle of FMT efficacy
to reduce glucose, insulin, and glycated hemoglobin levels and increase HDL cholesterol
vs. a placebo [80].

More accurately, a few trials studied the use of FMT in liver steatosis patients, namely
NAFLD/MASLD patients. Patients receiving a 6-week course of FMT from lean, healthy
donors showed a tendency toward improvement in hepatic insulin sensitivity and increased
butyrate-producing microbial concentration. Butyrate can prevent the translocation of en-
dotoxic bacterial particles and significantly modulates insulin resistance [151]. Importantly,
the gut–liver axis seems to be rebalanced by FMT in liver steatosis patients. Six weeks after
allogenic FMT, a significant restoring of impaired small intestinal permeability has been
described [152] (Table 2).

The FMT studies shown in Table 2 present promising data on the gut dysbio-
sis modulation and improved intestinal permeability of treated subjects, resulting in
MASLD improvement.

4. Conclusions and Future Perspectives

The human bacterial gut microbiota has a defined composition that stabilizes after
three years of age. Every pathologic condition is associated with a perturbed intestinal
microbiota composition named gut “dysbiosis”. Metabolic diseases have a statistically
significant association with intestinal dysbiosis. Gut dysbiosis is a characteristic feature of
obesity, insulin resistance, and other features of metabolic syndrome.

More in detail, MASLD and its different steatosis/fibrosis stages have different dysbio-
sis hallmarks. The pathophysiological model of the “gut–liver axis” explains the develop-
ment of MASLD. There is solid evidence that gut dysbiosis can alter intestinal permeability
and allow the passage of antigens that, through the portal circle, reach the liver parenchyma
and trigger inflammation. This happens in the frame of preliminary hepatocyte triglyceride
storage. Interestingly, the gut–liver axis can also be considered as the “liver–gut axis”. The
altered hepatic immune and metabolic environment can maintain intestinal wall leakage,
gut dysbiosis, and PAMP passage in a sort of vicious circle.

Thus, diet components, fatty acids, bile and its acids, bacterial components, and
antigens can finely interact with intestinal and hepatic receptors and innate and adap-
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tive immunity, leading to micro-inflammation, fat accumulation in the liver, and fibrosis
development [153]. Oxidative stress can be the “second hit” in the pathophysiological
process of MASLD development, initiated by the fat deposition and inflammatory cascade
triggered by the leaky gut and endotoxin passage [73,121]. Oxidative stress can be the
target for novel treatments of MASLD, avoiding its progression to MASH. In fact, the
oxidative-stress-induced damage of liver cells seems to be the crucial step for MASH de-
velopment. The use of antioxidants can be beneficial to its reversal. However, evidence
from the literature is derived from mechanistic animal and human studies. Polyphenols
and cholesterol-lowering drugs have a promising therapeutic profile that deserves multi-
centric, randomized, placebo-controlled studies. There is an important interaction between
cholesterol metabolism, fatty acid oxidation, and oxidative stress that requires dedicated
attention from researchers. This understanding can pave the way for a multi-hit curative
approach to MASLD.

There are several pieces of evidence regarding the therapeutic and reversal effects
of diet, prebiotics, probiotics, and symbiotics on MASLD. There is initial evidence that
the Mediterranean diet is effective in reversing gut dysbiosis and reducing the hepatic
inflammation responsible for MASLD and MASH pathophysiologic progression. The
use of PUFAs has been significantly associated with lower fat deposition in MASLD and
MASH patients. Larger future studies are needed to confirm these promising results. The
administration of soy proteins has been associated with reduced hepatic lipogenesis and
fat deposition and gut microbiota eubiosis re-establishment. These data are few and need
new, larger studies to be confirmed.

The use of prebiotics in MASLD is supported by promising animal and only a few
human studies. Indeed, the data are not uniform, and gut microbial modulation cannot
yet be defined as beneficial for restoring intestinal permeability and reducing hepatic
fat deposition. Several human studies support the use of strain/multi-strain probiotic
mixtures for MASLD/MASH treatment. Beneficial microbes seem to be able to modulate
intestinal microbiota composition, improve intestinal permeability, reduce oxidative stress,
and improve glycemic control and visceral fat deposition. Larger, multicentric RCTs are
warranted for future research to come.

There is not yet solid evidence on the efficacy of FMT in MASLD reversal/treatment
in humans, but promising results have been recorded in the literature [154]. The main
effects obtained with FMT are deep gut microbiota modulation with improved nutrient
absorption and metabolism, improved intestinal permeability, improved insulin resistance,
and lower fat deposition.

Future multi-center RCTs are warranted to confirm the findings on gut microbiota
modulation in MASLD, with a special focus on FMT.

In conclusion, the Mediterranean diet as an add-on to PUFAs, probiotics, antioxidants,
cholesterol-lowering drugs, and finally FMT seems to be the road for future research on
MASLD treatment. This field of investigation is focused on gut microbiota modulation and
the reduction in oxidative stress and liver fat deposition in humans.
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74. Radosavljevic, T.; Brankovic, M.; Samardzic, J.; Djuretić, J.; Vukicevic, D.; Vucevic, D.; Jakovljevic, V. Altered Mitochondrial
Function in MASLD: Key Features and Promising Therapeutic Approaches. Antioxidants 2024, 13, 906. [CrossRef] [PubMed]

75. Buzzetti, E.; Pinzani, M.; Tsochatzis, E.A. The multiple-hit pathogenesis of non-alcoholic fatty liver disease (NAFLD). Metabolism
2016, 65, 1038–1048. [CrossRef]

76. Di Ciaula, A.; Passarella, S.; Shanmugam, H.; Noviello, M.; Bonfrate, L.; Wang, D.Q.; Portincasa, P. Nonalcoholic Fatty Liver
Disease (NAFLD). Mitochondria as Players and Targets of Therapies? Int. J. Mol. Sci. 2021, 22, 5375. [CrossRef]

77. Kim, B.J.; Ryu, S.W.; Song, B.J. JNK- and p38 kinase-mediated phosphorylation of Bax leads to its activation and mitochondrial
translocation and to apoptosis of human hepatoma HepG2 cells. J. Biol. Chem. 2006, 281, 21256–21265. [CrossRef]

78. Rauchbach, E.; Zeigerman, H.; Abu-Halaka, D.; Tirosh, O. Cholesterol Induces Oxidative Stress, Mitochondrial Damage and
Death in Hepatic Stellate Cells to Mitigate Liver Fibrosis in Mice Model of NASH. Antioxidants 2022, 11, 536. [CrossRef]

79. Xie, J.; Huang, H.; Liu, Z.; Li, Y.; Yu, C.; Xu, L.; Xu, C. The associations between modifiable risk factors and nonalcoholic fatty
liver disease: A comprehensive Mendelian randomization study. Hepatology 2023, 77, 949–964. [CrossRef]

80. Caballero, F.; Fernandez, A.; De Lacy, A.M.; Fernandez-Checa, J.C.; Caballeria, J.; Garcia-Ruiz, C. Enhanced free cholesterol,
SREBP-2 and StAR expression in human NASH. J. Hepatol. 2009, 50, 789–796. [CrossRef]

81. Liang, J.Q.; Teoh, N.; Xu, L.; Pok, S.; Li, X.; Chu, E.S.H.; Chiu, J.; Dong, L.; Arfianti, E.; Haigh, W.G.; et al. Dietary cholesterol
promotes steatohepatitis related hepatocellular carcinoma through dysregulated metabolism and calcium signaling. Nat. Commun.
2018, 9, 4490. [CrossRef]

82. Walenbergh, S.M.; Koek, G.H.; Bieghs, V.; Shiri-Sverdlov, R. Non-alcoholic steatohepatitis: The role of oxidized low-density
lipoproteins. J. Hepatol. 2013, 58, 801–810. [CrossRef] [PubMed]

83. Duewell, P.; Kono, H.; Rayner, K.J.; Sirois, C.M.; Vladimer, G.; Bauernfeind, F.G.; Abela, G.S.; Franchi, L.; Nunez, G.; Schnurr, M.;
et al. NLRP3 inflammasomes are required for atherogenesis and activated by cholesterol crystals. Nature 2010, 464, 1357–1361.
[CrossRef] [PubMed]

84. Luo, J.; Yang, H.; Song, B.L. Mechanisms and regulation of cholesterol homeostasis. Nat. Rev. Mol. Cell Biol. 2020, 21, 225–245.
[CrossRef]

85. Younossi, Z.M.; Stepanova, M.; Negro, F.; Hallaji, S.; Younossi, Y.; Lam, B.; Srishord, M. Nonalcoholic fatty liver disease in lean
individuals in the United States. Medicine 2012, 91, 319–327. [CrossRef] [PubMed]

86. Van Rooyen, D.M.; Larter, C.Z.; Haigh, W.G.; Yeh, M.M.; Ioannou, G.; Kuver, R.; Lee, S.P.; Teoh, N.C.; Farrell, G.C. Hep-
atic free cholesterol accumulates in obese, diabetic mice and causes nonalcoholic steatohepatitis. Gastroenterology 2011, 141,
1393–1403.e14035. [CrossRef]

87. Min, H.K.; Kapoor, A.; Fuchs, M.; Mirshahi, F.; Zhou, H.; Maher, J.; Kellum, J.; Warnick, R.; Contos, M.J.; Sanyal, A.J. Increased
hepatic synthesis and dysregulation of cholesterol metabolism is associated with the severity of nonalcoholic fatty liver disease.
Cell Metab. 2012, 15, 665–674. [CrossRef]

88. Van Rooyen, D.M.; Gan, L.T.; Yeh, M.M.; Haigh, W.G.; Larter, C.Z.; Ioannou, G.; Teoh, N.C.; Farrell, G.C. Pharmacological
cholesterol lowering reverses fibrotic NASH in obese, diabetic mice with metabolic syndrome. J. Hepatol. 2013, 59, 144–152.
[CrossRef]

89. Ahn, S.B.; Jang, K.; Jun, D.W.; Lee, B.H.; Shin, K.J. Expression of liver X receptor correlates with intrahepatic inflammation and
fibrosis in patients with nonalcoholic fatty liver disease. Dig. Dis. Sci. 2014, 59, 2975–2982. [CrossRef] [PubMed]

90. Simopoulos, A.P. Importance of the omega-6/omega-3 balance in health and disease: Evolutionary aspects of diet. World Rev.
Nutr. Diet. 2011, 102, 10–21.

91. Araya, J.; Rodrigo, R.; Videla, L.A.; Thielemann, L.; Orellana, M.; Pettinelli, P.; Poniachik, J. Increase in long-chain polyunsaturated
fatty acid n−6/n−3 ratio in relation to hepatic steatosis in patients with non-alcoholic fatty liver disease. Clin. Sci. 2004, 106,
635–643. [CrossRef]

92. Rincón-Cervera, M.A.; Valenzuela, R.; Hernandez-Rodas, M.C.; Marambio, M.; Espinosa, A.; Mayer, S.; Romero, N.; Barrera MSc,
C.; Valenzuela, A.; Videla, L.A. Supplementation with antioxidant-rich extra virgin olive oil prevents hepatic oxidative stress and
reduction of desaturation capacity in mice fed a high-fat diet: Effects on fatty acid composition in liver and extrahepatic tissues.
Nutrition 2016, 32, 1254–1267. [CrossRef] [PubMed]

93. Delarue, J.; LeFoll, C.; Corporeau, C.; Lucas, D. N-3 long chain polyunsaturated fatty acids: A nutritional tool to prevent insulin
resistance associated to type 2 diabetes and obesity? Reprod. Nutr. Dev. 2004, 44, 289–299. [CrossRef] [PubMed]

94. Das, U.N. A defect in the activity of Delta6 and Delta5 desaturases may be a factor predisposing to the development of insulin
resistance syndrome. Prostaglandins Leukot Essent Fat. Acids 2005, 72, 343–350. [CrossRef] [PubMed]

95. Zhang, Z.; Wang, H.; Chen, Y. Association between composite dietary antioxidant index and metabolic dysfunction associated
steatotic liver disease: Result from NHANES, 2017–2020. Front. Nutr. 2024, 11, 1412516. [CrossRef]

96. Chen, Z.; Zhu, Q.Y.; Tsang, D.; Huang, Y. Degradation of green tea catechins in tea drinks. J. Agric. Food Chem. 2001, 49, 477–482.
[CrossRef]

97. Bose, M.; Lambert, J.D.; Ju, J.; Reuhl, K.R.; Shapses, S.A.; Yang, C.S. The major green tea polyphenol, (-)-epigallocatechin-3-gallate,
inhibits obesity, metabolic syndrome, and fatty liver disease in high-fat-fed mice. J. Nutr. 2008, 138, 1677–1683. [CrossRef]

98. Kuzu, N.; Bahcecioglu, I.H.; Dagli, A.F.; Ozercan, I.H.; Ustündag, B.; Sahin, K. Epigallocatechin gallate attenuates experimental
non-alcoholic steatohepatitis induced by high fat diet. J. Gastroenterol. Hepatol. 2008, 23, e465–e470. [CrossRef]

https://doi.org/10.3390/antiox13080906
https://www.ncbi.nlm.nih.gov/pubmed/39199152
https://doi.org/10.1016/j.metabol.2015.12.012
https://doi.org/10.3390/ijms22105375
https://doi.org/10.1074/jbc.M510644200
https://doi.org/10.3390/antiox11030536
https://doi.org/10.1002/hep.32728
https://doi.org/10.1016/j.jhep.2008.12.016
https://doi.org/10.1038/s41467-018-06931-6
https://doi.org/10.1016/j.jhep.2012.11.014
https://www.ncbi.nlm.nih.gov/pubmed/23183522
https://doi.org/10.1038/nature08938
https://www.ncbi.nlm.nih.gov/pubmed/20428172
https://doi.org/10.1038/s41580-019-0190-7
https://doi.org/10.1097/MD.0b013e3182779d49
https://www.ncbi.nlm.nih.gov/pubmed/23117851
https://doi.org/10.1053/j.gastro.2011.06.040
https://doi.org/10.1016/j.cmet.2012.04.004
https://doi.org/10.1016/j.jhep.2013.02.024
https://doi.org/10.1007/s10620-014-3289-x
https://www.ncbi.nlm.nih.gov/pubmed/25102981
https://doi.org/10.1042/CS20030326
https://doi.org/10.1016/j.nut.2016.04.006
https://www.ncbi.nlm.nih.gov/pubmed/27346714
https://doi.org/10.1051/rnd:2004033
https://www.ncbi.nlm.nih.gov/pubmed/15460168
https://doi.org/10.1016/j.plefa.2005.01.002
https://www.ncbi.nlm.nih.gov/pubmed/15850715
https://doi.org/10.3389/fnut.2024.1412516
https://doi.org/10.1021/jf000877h
https://doi.org/10.1093/jn/138.9.1677
https://doi.org/10.1111/j.1440-1746.2007.05052.x


Antioxidants 2024, 13, 1386 21 of 23

99. Sakata, R.; Ueno, T.; Nakamura, T.; Sakamoto, M.; Torimura, T.; Sata, M. Green tea polyphenol epigallocatechin-3-gallate inhibits
platelet-derived growth factor-induced proliferation of human hepatic stellate cell line LI90. J. Hepatol. 2004, 40, 52–59. [CrossRef]

100. Xiao, J.; Ho, C.T.; Liong, E.C.; Nanji, A.A.; Leung, T.M.; Lau, T.Y.; Fung, M.L.; Tipoe, G.L. Epigallocatechin gallate attenuates
fibrosis, oxidative stress, and inflammation in non-alcoholic fatty liver disease rat model through TGF/SMAD, PI3 K/Akt/FoxO1,
and NF-kappa B pathways. Eur. J. Nutr. 2014, 53, 187–199. [CrossRef]

101. Abunofal, O.; Mohan, C. Salubrious Effects of Green Tea Catechins on Fatty Liver Disease: A Systematic Review. Medicines 2022,
9, 20. [CrossRef]

102. Lee, M.-S.; Kim, C.-T.; Kim, Y. Green Tea (–)-Epigallocatechin-3-Gallate Reduces Body Weight with Regulation of Multiple Genes
Expression in Adipose Tissue of Diet-Induced Obese Mice. Ann. Nutr. Metab. 2009, 54, 151–157. [CrossRef] [PubMed]

103. Lee, J.; Park, J.S.; Roh, Y.S. Molecular insights into the role of mitochondria in non-alcoholic fatty liver disease. Arch. Pharmacal
Res. 2019, 42, 935–946. [CrossRef] [PubMed]

104. Zhang, C.; Zhang, M.; Wang, S.; Han, R.; Cao, Y.; Hua, W.; Mao, Y.; Zhang, X.; Pang, X.; Wei, C.; et al. Interactions between gut
microbiota, host genetics and diet relevant to development of metabolic syndromes in mice. ISME J. 2010, 4, 232–241. [CrossRef]

105. Haro, C.; Montes-Borrego, M.; Rangel-Zúñiga, O.A.; Alcalá-Díaz, J.F.; Gómez-Delgado, F.; Pérez-Martínez, P.; Delgado-Lista, J.;
Quintana-Navarro, G.M.; Tinahones, F.J.; Landa, B.B.; et al. Two Healthy Diets Modulate Gut Microbial Community Improving
Insulin Sensitivity in a Human Obese Population. J. Clin. Endocrinol. 2016, 101, 233–242. [CrossRef] [PubMed]

106. De Filippis, F.; Pellegrini, N.; Vannini, L.; Jeffery, I.B.; La Storia, A.; Laghi, L.; Serrazanetti, D.I.; Di Cagno, R.; Ferrocino, I.; Lazzi,
C.; et al. High-level adherence to a Mediterranean diet beneficially impacts the gut microbiota and associated metabolome. Gut
2016, 65, 1812–1821. [CrossRef]

107. David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y.;
Fischbach, M.A.; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559–563. [CrossRef]

108. Fava, F.; Gitau, R.; Griffin, B.A.; Gibson, G.R.; Tuohy, K.M.; Lovegrove, J.A. The type and quantity of dietary fat and carbohydrate
alter faecal microbiome and short-chain fatty acid excretion in a metabolic syndrome ‘at-risk’ population. Int. J. Obes. 2013, 37,
216–223. [CrossRef]

109. Karam, G.; Agarwal, A.; Sadeghirad, B.; Jalink, M.; Hitchcock, C.L.; Ge, L.; Kiflen, R.; Ahmed, W.; Zea, A.M.; Milenkovic, J.; et al.
Comparison of seven popular structured dietary programmes and risk of mortality and major cardiovascular events in patients
at increased cardiovascular risk: Systematic review and network meta-analysis. BMJ 2023, 380, e072003. [CrossRef]

110. Spahis, S.; Alvarez, F.; Ahmed, N.; Dubois, J.; Jalbout, R.; Paganelli, M.; Grzywacz, K.; Delvin, E.; Peretti, N.; Levy, E. Non-alcoholic
fatty liver disease severity and metabolic complications in obese children: Impact of omega-3 fatty acids. J. Nutr. Biochem. 2018,
58, 28–36. [CrossRef]

111. Spahis, S.; Alvarez, F.; Dubois, J.; Ahmed, N.; Peretti, N.; Levy, E. Plasma fatty acid composition in French-Canadian children
with non-alcoholic fatty liver disease: Effect of n-3 PUFA supplementation. Prostaglandins Leukot. Essent. Fat. Acids 2015, 99, 25–34.
[CrossRef]

112. Pacifico, L.; Bonci, E.; Di Martino, M.; Versacci, P.; Andreoli, G.; Silvestri, L.M.; Chiesa, C. A double-blind, placebo-controlled
randomized trial to evaluate the efficacy of docosahexaenoic acid supplementation on hepatic fat and associated cardiovascular
risk factors in overweight children with nonalcoholic fatty liver disease. Nutr. Metab. Cardiovasc. Dis. 2015, 25, 734–741. [CrossRef]
[PubMed]

113. Cansanção, K.; Citelli, M.; Carvalho Leite, N.; López de Las Hazas, M.C.; Dávalos, A.; Tavares do Carmo, M.D.G.; Peres, W.A.F.
Impact of Long-Term Supplementation with Fish Oil in Individuals with Non-Alcoholic Fatty Liver Disease: A Double Blind
Randomized Placebo Controlled Clinical Trial. Nutrients 2020, 12, 3372. [CrossRef] [PubMed]

114. Nogueira, M.A.; Oliveira, C.P.; Ferreira Alves, V.A.; Stefano, J.T.; Rodrigues, L.S.; Torrinhas, R.S.; Cogliati, B.; Barbeiro, H.;
Carrilho, F.J.; Waitzberg, D.L. Omega-3 polyunsaturated fatty acids in treating non-alcoholic steatohepatitis: A randomized,
double-blind, placebo-controlled trial. Clin. Nutr. 2016, 35, 578–586. [CrossRef]

115. Panasevich, M.R.; Schuster, C.M.; Phillips, K.E.; Meers, G.M.; Chintapalli, S.V.; Wankhade, U.D.; Shankar, K.; Butteiger, D.N.;
Krul, E.S.; Thyfault, J.P.; et al. Soy compared with milk protein in a Western diet changes fecal microbiota and decreases hepatic
steatosis in obese OLETF rats. J. Nutr. Biochem. 2017, 46, 125–136. [CrossRef] [PubMed]

116. Wolfram, S. Effects of Green Tea and EGCG on Cardiovascular and Metabolic Health. J. Am. Coll. Nutr. 2007, 26, 373S–388S.
[CrossRef]

117. Simmons, G.E., Jr.; Pruitt, W.M.; Pruitt, K. Diverse Roles of SIRT1 in Cancer Biology and Lipid Metabolism. Int. J. Mol. Sci. 2015,
16, 950–965. [CrossRef]

118. Bustos, A.Y.; Taranto, M.P.; Gerez, C.L.; Agriopoulou, S.; Smaoui, S.; Varzakas, T.; Enshasy, H.A.E. Recent Advances in the
Understanding of Stress Resistance Mechanisms in Probiotics: Relevance for the Design of Functional Food Systems. Probiotics
Antimicrob. Proteins 2024. [CrossRef]

119. Szulinska, M.; Łoniewski, I.; van Hemert, S.; Sobieska, M.; Bogdanski, P. Dose-dependent effects of multispecies probiotic
supplementation on the Lipopolysaccharide (LPS) level and cardiometabolic profile in obese postmenopausal women: A 12-week
randomized clinical trial. Nutrients 2018, 10, 773. [CrossRef]

120. Eslick, S.; Thompson, C.; Berthon, B.; Wood, L. Short-chain fatty acids as antiinflammatory agents in overweight and obesity: A
systematic review and metaanalysis. Nutr. Rev. 2022, 80, 838–856. [CrossRef]

https://doi.org/10.1016/S0168-8278(03)00477-X
https://doi.org/10.1007/s00394-013-0516-8
https://doi.org/10.3390/medicines9030020
https://doi.org/10.1159/000214834
https://www.ncbi.nlm.nih.gov/pubmed/19390166
https://doi.org/10.1007/s12272-019-01178-1
https://www.ncbi.nlm.nih.gov/pubmed/31571145
https://doi.org/10.1038/ismej.2009.112
https://doi.org/10.1210/jc.2015-3351
https://www.ncbi.nlm.nih.gov/pubmed/26505825
https://doi.org/10.1136/gutjnl-2015-309957
https://doi.org/10.1038/nature12820
https://doi.org/10.1038/ijo.2012.33
https://doi.org/10.1136/bmj-2022-072003
https://doi.org/10.1016/j.jnutbio.2018.03.025
https://doi.org/10.1016/j.plefa.2015.04.010
https://doi.org/10.1016/j.numecd.2015.04.003
https://www.ncbi.nlm.nih.gov/pubmed/26026214
https://doi.org/10.3390/nu12113372
https://www.ncbi.nlm.nih.gov/pubmed/33147705
https://doi.org/10.1016/j.clnu.2015.05.001
https://doi.org/10.1016/j.jnutbio.2017.05.004
https://www.ncbi.nlm.nih.gov/pubmed/28605664
https://doi.org/10.1080/07315724.2007.10719626
https://doi.org/10.3390/ijms16010950
https://doi.org/10.1007/s12602-024-10273-9
https://doi.org/10.3390/nu10060773
https://doi.org/10.1093/nutrit/nuab059


Antioxidants 2024, 13, 1386 22 of 23

121. Chappuis, E.; Morel-Depeisse, F.; Bariohay, B.; Roux, J. Alpha-galactooligosaccharides at low dose improve liver steatosis in a
high-fat diet mouse model. Molecules 2017, 22, 1725. [CrossRef]

122. Porras, D.; Nistal, E.; Martínez-Flórez, S.; Olcoz, J.L.; Jover, R.; Jorquera, F.; González-Gallego, J.; García-Mediavilla, M.V.;
Sánchez-Campos, S. Functional Interactions between Gut Microbiota Transplantation, Quercetin, and High-Fat Diet Determine
Non-Alcoholic Fatty Liver Disease Development in Germ-Free Mice. Mol. Nutr. Food Res. 2019, 63, e1800930. [CrossRef] [PubMed]

123. Feng, W.; Wang, H.; Zhang, P.; Gao, C.; Tao, J.; Ge, Z.; Zhu, D.; Bi, Y. Modulation of gut microbiota contributes to curcumin-
mediated attenuation of hepatic steatosis in rats. Biochim. Biophys. Acta (BBA)-Gen. Subj. 2017, 1861, 1801–1812. [CrossRef]
[PubMed]

124. Hemert, S.V.; Ormel, G. Influence of the multispecies probiotic ecologic® BARRIER on parameters of intestinal barrier function.
Food Nutr. Sci. 2014, 05, 1739–1745.

125. Stenman, L.K.; Waget, A.; Garret, C.; Klopp, P.; Burcelin, R.; Lahtinen, S. Potential probiotic Bifidobacterium animalis ssp. lactis 420
prevents weight gain and glucose intolerance in diet-induced obese mice. Benef. Microbes 2014, 5, 437–445. [CrossRef]

126. Andreasen, A.S.; Larsen, N.; Pedersen-Skovsgaard, T.; Berg, R.M.; Møller, K.; Svendsen, K.D.; Jakobsen, M.; Pedersen, B.K. Effects
of Lactobacillus acidophilus NCFM on insulin sensitivity and the systemic inflammatory response in human subjects. Br. J. Nutr.
2010, 104, 1831–1838. [CrossRef] [PubMed]

127. Sharpton, S.R.; Maraj, B.; Harding-Theobald, E.; Vittinghoff, E.; Terrault, N.A. Gut microbiome-targeted therapies in nonalcoholic
fatty liver disease: A systematic review, meta-analysis, and meta-regression. Am. J. Clin. Nutr. 2019, 110, 139–149. [CrossRef]

128. Dornas, W.; Lagente, V. Intestinally derived bacterial products stimulate development of nonalcoholic steatohepatitis. Pharmacol.
Res. 2019, 141, 418–428. [CrossRef]

129. Li, J.; Yang, G.; Zhang, Q.; Liu, Z.; Jiang, X.; Xin, Y. Function of Akkermansia muciniphila in type 2 diabetes and related diseases.
Front. Microbiol. 2023, 14, 1172400. [CrossRef]

130. Deng, L.; Ou, Z.; Huang, D.; Li, C.; Lu, Z.; Liu, W.; Wu, F.; Nong, C.; Gao, J.; Peng, Y. Diverse effects of different Akkermansia
muciniphila genotypes on Brown adipose tissue inflammation and whitening in a high-fat-diet murine model. Microb. Pathog.
2020, 147, 104353. [CrossRef]

131. Depommier, C.; Everard, A.; Druart, C.; Plovier, H.; Van Hul, M.; Vieira-Silva, S.; Falony, G.; Raes, J.; Maiter, D.; Delzenne, N.M.;
et al. Supplementation with Akkermansia muciniphila in overweight and obese human volunteers: A proof-of-concept exploratory
study. Nat. Med. 2019, 25, 1096–1103. [CrossRef]

132. Dao, M.C.; Everard, A.; Aron-Wisnewsky, J.; Sokolovska, N.; Prifti, E.; Verger, E.O.; Kayser, B.D.; Levenez, F.; Chilloux, J.; Hoyles,
L.; et al. Akkermansia muciniphila and improved metabolic health during a dietary intervention in obesity: Relationship with gut
microbiome richness and ecology. Gut 2016, 65, 426–436. [CrossRef] [PubMed]

133. Everard, A.; Cani, P.D. Diabetes, obesity and gut microbiota. Best Pract. Res. Clin. Gastroenterol. 2013, 27, 73–83. [CrossRef]
[PubMed]

134. Huang, S.; Pang, D.; Li, X.; You, L.; Zhao, Z.; Cheung, P.C.; Zhang, M.; Liu, D. A sulfated polysaccharide from Gracilaria
lemaneiformis regulates cholesterol and bile acid metabolism in high-fat diet mice. Food Funct. 2019, 10, 3224–3236. [CrossRef]

135. Li, Z.; Yang, S.; Lin, H.; Huang, J.; Watkins, P.A.; Moser, A.B.; Desimone, C.; Song, X.Y.; Diehl, A.M. Probiotics and antibodies to
TNF inhibit inflammatory activity and improve nonalcoholic fatty liver disease. Hepatology 2003, 37, 343–350. [CrossRef]

136. Endo, H.; Niioka, M.; Kobayashi, N.; Tanaka, M.; Watanabe, T. Butyrate-producing probiotics reduce nonalcoholic fatty liver
disease progression in rats: New insight into the probiotics for the gut-liver axis. PLoS ONE 2013, 8, e63388. [CrossRef]

137. Aller, R.; De Luis, D.A.; Izaola, O.; Conde, R.; Gonzalez Sagrado, M.; Primo, D.; De La Fuente, B.; Gonzalez, J. Effect of a probiotic
on liver aminotransferases in nonalcoholic fatty liver disease patients: A double blind randomized clinical trial. Eur. Rev. Med.
Pharmacol. Sci. 2011, 15, 1090–1095.

138. Alisi, A.; Bedogni, G.; Baviera, G.; Giorgio, V.; Porro, E.; Paris, C.; Giammaria, P.; Reali, L.; Anania, F.; Nobili, V. Randomised
clinical trial: The beneficial effects of VSL#3 in obese children with non-alcoholic steatohepatitis. Aliment. Pharmacol. Ther. 2014,
39, 1276–1285.

139. Horvath, A.; Leber, B.; Feldbacher, N.; Tripolt, N.; Rainer, F.; Blesl, A.; Trieb, M.; Marsche, G.; Sourij, H.; Stadlbauer, V. Effects of a
multispecies synbiotic on glucose metabolism, lipid marker, gut microbiome composition, gut permeability, and quality of life in
diabesity: A randomized, double-blind, placebo-controlled pilot study. Eur. J. Nutr. 2020, 59, 2969–2983. [CrossRef] [PubMed]

140. Roshanravan, N.; Mahdavi, R.; Alizadeh, E.; Ghavami, A.; Rahbar Saadat, Y.; Mesri Alamdari, N.; Alipour, S.; Dastouri, M.R.;
Ostadrahimi, A. The effects of sodium butyrate and inulin supplementation on angiotensin signaling pathway via promotion of
Akkermansia muciniphila abundance in type 2 diabetes; A randomized, double-blind, placebo-controlled trial. J. Cardiovasc. Thorac.
Res. 2017, 9, 183–190. [CrossRef]

141. Sato, J.; Kanazawa, A.; Azuma, K.; Ikeda, F.; Goto, H.; Komiya, K.; Kanno, R.; Tamura, Y.; Asahara, T.; Takahashi, T.; et al. Probiotic
reduces bacterial translocation in type 2 diabetes mellitus: A randomised controlled study. Sci. Rep. 2017, 7, 12115. [CrossRef]

142. Oraphruek, P.; Chusak, C.; Ngamukote, S.; Sawaswong, V.; Chanchaem, P.; Payungporn, S.; Suantawee, T.; Adisakwattana,
S. Effect of a Multispecies Synbiotic Supplementation on Body Composition, Antioxidant Status, and Gut Microbiomes in
Overweight and Obese Subjects: A Randomized, Double-Blind, Placebo-Controlled Study. Nutrients 2023, 15, 1863. [CrossRef]
[PubMed]

143. Portincasa, P.; Khalil, M.; Graziani, A.; Frühbeck, G.; Baffy, G.; Garruti, G.; Di Ciaula, A.; Bonfrate, L. Gut microbes in metabolic
disturbances. Promising role for therapeutic manipulations? Eur. J. Intern. Med. 2024, 119, 13–30. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules22101725
https://doi.org/10.1002/mnfr.201800930
https://www.ncbi.nlm.nih.gov/pubmed/30680920
https://doi.org/10.1016/j.bbagen.2017.03.017
https://www.ncbi.nlm.nih.gov/pubmed/28341485
https://doi.org/10.3920/BM2014.0014
https://doi.org/10.1017/S0007114510002874
https://www.ncbi.nlm.nih.gov/pubmed/20815975
https://doi.org/10.1093/ajcn/nqz042
https://doi.org/10.1016/j.phrs.2019.01.026
https://doi.org/10.3389/fmicb.2023.1172400
https://doi.org/10.1016/j.micpath.2020.104353
https://doi.org/10.1038/s41591-019-0495-2
https://doi.org/10.1136/gutjnl-2014-308778
https://www.ncbi.nlm.nih.gov/pubmed/26100928
https://doi.org/10.1016/j.bpg.2013.03.007
https://www.ncbi.nlm.nih.gov/pubmed/23768554
https://doi.org/10.1039/C9FO00263D
https://doi.org/10.1053/jhep.2003.50048
https://doi.org/10.1371/journal.pone.0063388
https://doi.org/10.1007/s00394-019-02135-w
https://www.ncbi.nlm.nih.gov/pubmed/31729622
https://doi.org/10.15171/jcvtr.2017.32
https://doi.org/10.1038/s41598-017-12535-9
https://doi.org/10.3390/nu15081863
https://www.ncbi.nlm.nih.gov/pubmed/37111082
https://doi.org/10.1016/j.ejim.2023.10.002
https://www.ncbi.nlm.nih.gov/pubmed/37802720


Antioxidants 2024, 13, 1386 23 of 23

144. Zhang, F.; Cui, B.; He, X.; Nie, Y.; Wu, K.; Fan, D.; FMT-standardization Study Group. Microbiota transplantation: Concept,
methodology and strategy for its modernization. Protein Cell. 2018, 9, 462–473. [CrossRef] [PubMed]

145. Qiu, B.; Liang, J.; Li, C. Effects of fecal microbiota transplantation in metabolic syndrome: A meta-analysis of randomized
controlled trials. PLoS ONE 2023, 18, e0288718. [CrossRef] [PubMed]

146. Turnbaugh, P.J.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated gut microbiome with
increased capacity for energy harvest. Nature 2006, 444, 1027–1031. [CrossRef] [PubMed]

147. Ridaura, V.K.; Faith, J.J.; Rey, F.E.; Cheng, J.; Duncan, A.E.; Kau, A.L.; Griffin, N.W.; Lombard, V.; Henrissat, B.; Bain, J.R.; et al.
Gut microbiota from twins discordant for obesity modulate metabolism in mice. Science 2013, 341, 1241214. [CrossRef]

148. Kootte, R.S.; Levin, E.; Salojärvi, J.; Smits, L.P.; Hartstra, A.V.; Udayappan, S.D.; Hermes, G.; Bouter, K.E.; Koopen, A.M.;
Holst, J.J.; et al. Improvement of Insulin Sensitivity after Lean Donor Feces in Metabolic Syndrome Is Driven by Baseline Intestinal
Microbiota Composition. Cell Metab. 2017, 26, 611–619.e6. [CrossRef]

149. Allegretti, J.R.; Kassam, Z.; Mullish, B.H.; Chiang, A.; Carrellas, M.; Hurtado, J.; Marchesi, J.R.; McDonald, J.A.K.; Pechlivanis, A.;
Barker, G.F.; et al. Effects of Fecal Microbiota Transplantation with Oral Capsules in Obese Patients. Clin. Gastroenterol. Hepatol.
2020, 18, 855–863.e2. [CrossRef]

150. Smits, L.P.; Kootte, R.S.; Levin, E.; Prodan, A.; Fuentes, S.; Zoetendal, E.G.; Wang, Z.; Levison, B.S.; Cleophas, M.C.P.; Kemper, E.M.;
et al. Effect of Vegan Fecal Microbiota Transplantation on Carnitine- and Choline-Derived Trimethylamine-N-Oxide Production
and Vascular Inflammation in Patients with Metabolic Syndrome. J. Am. Heart Assoc. 2018, 7, e008342. [CrossRef]

151. Vrieze, A.; Van Nood, E.; Holleman, F.; Salojärvi, J.; Kootte, R.S.; Bartelsman, J.F.; Dallinga-Thie, G.M.; Ackermans, M.T.;
Serlie, M.J.; Oozeer, R.; et al. Transfer of intestinal microbiota from lean donors increases insulin sensitivity in individuals with
metabolic syndrome. Gastroenterology 2012, 143, 913–916.e7. [CrossRef]

152. Craven, L.; Rahman, A.; Nair Parvathy, S.; Beaton, M.; Silverman, J.; Qumosani, K.; Hramiak, I.; Hegele, R.; Joy, T.; Meddings, J.;
et al. Allogenic Fecal Microbiota Transplantation in Patients with Nonalcoholic Fatty Liver Disease Improves Abnormal Small
Intestinal Permeability: A Randomized Control Trial. Am. J. Gastroenterol. 2020, 115, 1055–1065. [CrossRef] [PubMed]

153. Colaci, C.; Gambardella, M.L.; Scarlata, G.G.M.; Boccuto, L.; Colica, C.; Luzza, F.; Scarpellini, E.; Mendez-Sanchez, N.; Abenavoli, L.
Dysmetabolic comorbidities and non-alcoholic fatty liver disease: A stairway to metabolic dysfunction-associated steatotic liver
disease. Hepatoma Res. 2024, 10, 16. [CrossRef]

154. Abenavoli, L.; Gambardella, M.L.; Scarlata, G.G.M.; Lenci, I.; Baiocchi, L.; Luzza, F. The Many Faces of Metabolic Dysfunction-
Associated Fatty Liver Disease Treatment: From the Mediterranean Diet to Fecal Microbiota Transplantation. Medicina 2024, 60,
563. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s13238-018-0541-8
https://www.ncbi.nlm.nih.gov/pubmed/29691757
https://doi.org/10.1371/journal.pone.0288718
https://www.ncbi.nlm.nih.gov/pubmed/37471410
https://doi.org/10.1038/nature05414
https://www.ncbi.nlm.nih.gov/pubmed/17183312
https://doi.org/10.1126/science.1241214
https://doi.org/10.1016/j.cmet.2017.09.008
https://doi.org/10.1016/j.cgh.2019.07.006
https://doi.org/10.1161/JAHA.117.008342
https://doi.org/10.1053/j.gastro.2012.06.031
https://doi.org/10.14309/ajg.0000000000000661
https://www.ncbi.nlm.nih.gov/pubmed/32618656
https://doi.org/10.20517/2394-5079.2023.134
https://doi.org/10.3390/medicina60040563
https://www.ncbi.nlm.nih.gov/pubmed/38674209

	Introduction 
	Materials and Methods 
	Results 
	Gut Microbiota and MASLD 
	Gut Microbiota “Eubiosis” 
	Gut Microbiota Dysbiosis and MASLD 
	Microbiota and “Gut–Liver Axis” 
	Oxidative Stress Within the Gut—Liver Axis Model for MASLD 

	Gut Microbiota Modulation for MASLD Treatment 
	Diet in MASLD Treatment 
	Prebiotics, Probiotics, and Symbiotics in MASLD Treatment 
	Fecal Microbiota Transplantation in MASLD Treatment 


	Conclusions and Future Perspectives 
	References

