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Abstract: Hepatocellular carcinoma (HCC) is a heterogeneous tumor associated with sev-
eral risk factors, with non-alcoholic fatty liver disease (NAFLD) emerging as an important
cause of liver tumorigenesis. Due to the obesity epidemics, the occurrence of NAFLD has
significantly increased with nearly 30% prevalence worldwide. HCC often arises in the
background of chronic liver disease (CLD), such as nonalcoholic steatohepatitis (NASH)
and cirrhosis. Gut microbiome (GM) alterations have been linked to NAFLD progression
and HCC development, with several investigations reporting a crucial role for the gut–liver
axis and microbial metabolites in promoting CLD. Moreover, the GM affects liver home-
ostasis, energy status, and the immune microenvironment, influencing the response to
immunotherapy with interesting therapeutic implications. In this review, we summarize
the main changes in the GM and derived metabolites (e.g., short-chain fatty acids and bile
acids) occurring in HCC patients and influencing NAFLD progression, emphasizing their
potential as early diagnostic biomarkers and prognostic tools. We discuss the weight loss ef-
fects of diet-based interventions and healthy lifestyles for the treatment of NAFLD patients,
highlighting their impact on the restoration of the intestinal barrier and GM structure. We
also describe encouraging preclinical findings on the modulation of GM to improve liver
functions in CLD, boost the antitumor immune response (e.g., probiotic supplementations
or anti-hypercholesterolemic drug treatment), and ultimately delay NAFLD progression to
HCC. The development of safe and effective strategies that target the gut–liver axis holds
promise for liver cancer prevention and treatment, especially if personalized options will
be considered.

Keywords: HCC; NAFLD; microbiome; immunotherapy

1. Introduction
Hepatocellular carcinoma (HCC) is a prevalent type of primary liver cancer, repre-

senting 80–90% of cases [1]. HCC is the sixth most common cancer worldwide and the
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third leading cause of cancer-related mortality in 2020, with an estimated 5-year survival
rate of 20%. Although cirrhosis represents the predominant risk factor for HCC, a pro-
found epidemiological shift in the incidence of HCC from patients with virus-related liver
disease to those with non-viral etiologies has been observed. Because of implemented
vaccination programs and improved treatment options for hepatitis B virus (HBV) and
hepatitis C virus (HCV) infections, non-alcoholic fatty liver disease (NAFLD) is emerging
as an important cause of HCC development. Moreover, due to the obesity epidemics, the
occurrence of NAFLD has significantly increased in the last two decades, with an estimated
overall prevalence ranging from 25% to 30% worldwide [2]. NAFLD, whose denomination
has been recently changed to “metabolic dysfunction-associated steatotic liver disease
(MASLD)”, represents the highest rapidly increasing risk factor for HCC [3]. Projections
from mathematical models suggest an increase in cases of advanced liver disease and
liver-related mortality in the coming years, especially if actions are not put in place to
improve NAFLD and non-alcoholic steatohepatitis (NASH) diagnosis and increase public
awareness to promote the adoption of healthier lifestyles [4].

The therapeutic landscape of advanced HCC has witnessed a radical change in recent
years, with five tyrosine kinase inhibitors (TKIs) approved across first- and second-line
settings and two immunotherapies in the first setting [5]. Over the past decade, immuno-
oncology has represented a paradigm shift in the treatment of several kinds of deadly
cancers, including HCC, showing unprecedented clinical responses, rapid drug develop-
ment, and accelerated approvals [6]. In particular, two immunotherapy-based strategies
with atezolizumab (anti Programmed Death-Ligand 1—PD-L1) plus bevacizumab (anti
Vascular Endothelial Growth Factor—VEGF) and durvalumab (anti-PD-L1) plus tremeli-
mumab (anti Cytotoxic T-Lymphocyte Antigen 4—CTLA-4) are now recognized as standard
of care for advanced HCC [7]. Despite the impressive improvement in terms of overall sur-
vival (OS) and objective response rate (ORR), which is defined as the percentage of patients
who achieve a complete or partial response, not all patients are eligible for immunotherapy;
furthermore, patients with NASH-driven HCC who received immune checkpoint inhibitors
(ICIs) showed reduced OS compared to patients with viral etiologies [8]. Research efforts
are now focused on identifying predictive biomarkers of responses to stratify patients and
new therapeutic targets for combined and tailored treatments.

Unbalances in the gut microbiome (GM), or dysbiosis, are known to affect liver
homeostasis and are emerging as a contributing factor to the onset and progression of
several liver diseases [9]. Although the liver is not in direct contact with the GM, there
is a tight anatomic link between them as well as an intimate bi-directional relationship
and metabolite exchange known as the gut–liver axis [10]. Several studies have profiled
dysbiosis in chronic liver diseases, such as non-alcoholic steatohepatitis (NASH) and
cirrhosis, highlighting that specific microbiome signatures can distinguish HCC from
non-HCC cases and could be exploited for early diagnosis [11]. Further evidence also
supports the critical role of GM-derived metabolites, such as secondary bile acids (BAs), in
influencing the gut permeability and the bacterial translocation to the liver [12], leading
to an altered tumor microenvironment and immunological response, as well as metabolic
pathways associated with HCC development and treatment response [13].

This review will summarize the alterations of the GM in chronic liver diseases, partic-
ularly in NAFLD/NASH pathogenesis and progression to HCC and describe the potential
of GM-based treatments to enhance the effect of ICIs in the perspective of increasingly per-
sonalized precision medicine. Given the role of the GM in modulating response or toxicity
to cancer treatments by interfering with host immunity [14], strategies to manipulate the
microbiome represent a future challenge to improve the efficacy of immunotherapy in less
responsive HCC subgroups.
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2. Direct and Indirect Roles of Gut Microbiota in HCC Development
The modulation of HCC development by the GM is a dynamic and reversible process.

HCCs resulting from different etiologies are characterized by peculiar GM profiles that
share a marked decline in alpha diversity and a shift in composition [15]. The liver receives
more than 70% of its blood supply from the portal vein; specifically, through enterohepatic
circulation, the liver can receive several molecules from the GM, such as microbe-associated
molecular patterns (MAMPs) and metabolites, which play an important role in hepato-
carcinogenesis [16]. In fact, with its multiple metabolic and immunoregulatory functions,
the liver is engaged in extensive cross-communication with the gut via enterohepatic cir-
culation [17]. Here, we will delineate the direct and indirect mechanisms through which
gut dysbiosis influences HCC progression, emphasizing how alterations in the permeabil-
ity of the intestinal epithelial barrier can facilitate the translocation of microorganisms
and MAMPs into the liver and describing how microbial metabolites interfere with liver
homeostasis and metabolic functions (Figure 1).

2.1. Gut Integrity in Chronic Liver Disease and HCC

The intestinal barrier plays a vital role in absorbing essential nutrients and preventing
the entry of microorganisms from the gut into systemic circulation. Disruption of the
integrity of the intestinal barrier alters its permeability by promoting the translocation of
microorganisms and derived molecules from the intestinal lumen to the liver via portal
circulation, thereby inducing an inflammatory state and subsequent liver damage and
fibrosis, as reviewed elsewhere [18]. A central dogma of host–microbial maladaptation is
the “leaky gut” model, which is characterized by a reduced microbe-impermeable inner
mucus layer. In this regard, the study by Ijsennager et al. showed that the ablation of
farnesoid X receptor (Fxr), which is a master regulator of BA homeostasis, greatly impacting
gene expression in colon epithelial cells and increasing the mucus barrier, proving that
liver-to-gut communication is crucial for the intestinal health [19]. In addition, Everald et al.
demonstrated that administration of viable, but not heat-killed, Akkermansia muciniphila
improved the mucus layer thickness by increasing the expression of the antimicrobial pep-
tide Reg3γ in colon epithelial cells of mice undergoing a high-fat diet (HFD) regimen [20],
providing a rationale for the development of probiotic formulations for obesity-related
disorders, such as NAFLD. Indeed, intestinal epithelial barrier disruption is a crucial
element in the pathophysiology of MASLD, contributing to the promotion of intra and
extrahepatic damage, changes in tight junctions (TJs), increased intestinal permeability,
and dysbiosis [21]. Transmembrane proteins such as claudins, occludin, and junctional
adhesion molecules are TJ family members, which interact with the zona occludens (ZO)
scaffolding proteins. Mouries and colleagues reported a reduction in tight junction protein
zonulin-1 (ZO-1) and an increase in plasmalemma vesicle-associated protein 1 (PV1), a
marker of gut vascular barrier disruption, in HFD-treated mice, highlighting the disruption
of these two barriers as an early event in NAFLD-to-NASH progression [22].

A growing body of research has proposed a connection between gut epithelial barrier
function, GM composition, and HCC development. In fact, inflammation and gut dys-
biosis can cause liver damage due to translocation of microbes and/or pro-inflammatory
molecules to the liver, where they can exert pro-tumorigenic effects [23]. Dapito et al.
showed that the gut–liver axis is impaired in animal models of chronic liver injury, where it
promotes hepatocarcinogenesis by translocation of microbial components termed pathogen-
associated molecular patterns (PAMPs) that trigger inflammatory responses by activating
Toll-like receptors (TLRs) [24]. In line with this, Ram et al. [25] reported the effects of
the terpenoid-based bioactive compound, Nimbolide, on gut dysbiosis in a diethylni-
trosamine (DEN)-HCC murine model, showing partial restoration of gut eubiosis and
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prevention of microbial translocation by enhancing intestinal barrier integrity (increased
TJ proteins) and alleviating inflammation, as demonstrated by the downregulation of
inflammation-associated proteins (TLR4, MyD88, NF-kBp65, TNF-alpha, IL-6). Concerning
GM composition, a higher prevalence of opportunistic bacteria was found in HCC mice,
reflecting the inflammatory state associated with lipopolysaccharide (LPS) accumulation.
Nimbolide decreased opportunistic bacteria, such as Escherichia coli and Bacteroides spp.,
which are more likely to translocate to the liver through a permeable intestine. On the other
hand, Nimbolide increased beneficial bacteria from the Bifidobacterium and Lactobacillus
genera, which can limit the colonization and excessive growth of enteropathogens, thereby
reducing the risk of infection. Similarly, Zhang et al. reported increased serum endotoxin
(e.g., LPS) levels in cirrhotic and HCC patients and in a DEN-induced HCC rat model,
which also showed an imbalance in GM subpopulations, including suppression of Lacto-
bacillus, Bifidobacterium, and Enterococcus species, an increase in intestinal inflammation, and
alterations in microvilli structure [26]. Daily treatment with a commercial probiotic formu-
lation (VSL#3—VSL Pharmaceutical) restored gut dysbiosis and mucosal barrier function,
decreased serum LPS, and impaired HCC development, suggesting that probiotics admin-
istration could have preventive effects in cirrhotic patients, even though further preclinical
findings in different models of cirrhosis-HCC would be necessary before translating data
into clinics. A recent study revealed that Klebsiella pneumoniae is enriched in patients with
HCC and showed that mice transplanted with the HCC microbiome present gut barrier
injury and translocation of live bacteria to the liver [27]. Mechanistically, a surface protein
of K. pneumoniae interacts with TLR4 on HCC cells, leading to the activation of oncogenic
pathways, highlighting the critical role for an altered GM in hepatocarcinogenesis.

In vivo models are valuable tools to study gut–vascular barrier integrity. One exper-
imental method consists of the injection of fluorescent dextran into the mouse colon to
evaluate the presence of fluorescence in biological specimens, such as the plasma, liver,
and spleen. Additional techniques include the detection of LPS in plasma samples or
immunofluorescence using an anti-PV1 antibody, which is a marker of endothelial cell
permeability [28]. Another example of assessing gut integrity in vivo is the evaluation of
the TJ protein Occludin in the ileum mucosa through immunofluorescent staining. Wang
et al. observed a progressive impairment of the mucosal barrier along with the aggravation
of liver disease, ranging from early MASLD to MASH to severe fibrosis to MASH-HCC,
in a diet-induced murine model that mimics long-term exposure to a Western diet [29].
In preclinical models, bacterial translocation can also be assessed by measuring portal
blood levels of LPS with a chromogenic test, while gut injury can be determined by mea-
suring portal blood levels of markers of intestinal mucosal damage, such as intestinal fatty
acid-binding protein (i-FABP) and diamine oxidase (DAO) by ELISA. Orci et al. described
how surgical strategies that prevent/mitigate bacterial translocation by preserving the
intestinal barrier after liver resection or transplantation could reduce the recurrence of
HCC, inhibiting TLR4 signaling in the liver [30]. Thus, GM restoration, gut barrier integrity,
and TLR4 signaling may serve as therapeutic targets for HCC and recurrence prevention
in advanced liver disease. In particular, TLR4 is regulated by several noncoding RNAs,
including microRNAs (e.g., miR-122, miR-145), and is involved in multidrug resistance [31].
Although promising, microRNA therapeutic strategies have not yet entered the clinical
practice due to the early interruption of the first clinical trial in metastatic cancers; this strat-
egy is currently under investigation in clinical trials [32]. Moreover, due to the multitarget
nature of microRNAs, caution should be used in proposing this strategy to target TLRs in
order to avoid off-target effects.
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2.2. Dysbiosis in Chronic Liver Disease and HCC

In the last decade, microbiome dysbiosis has emerged as a key factor in the progression
of chronic liver diseases (CLDs) and the development of HCC in at-risk populations. Ren
et al. investigated, for the first time, the potential of a GM signature for the early diagnosis
of HCC in Chinese patient cohorts from different regions of China [33]. Microbial diversity
was decreased in cirrhotic patients compared to healthy controls, while it was increased in
early HCCs (eHCCs) compared to cirrhosis. Specifically, an enrichment of the Actinobac-
teria phylum together with the genera Gemmiger, Parabacteroides, and Paraprevotella was
reported in eHCCs compared to cirrhosis. A set of 30 operational taxonomic units (OTUs)
was identified as an optimal marker to discriminate eHCC from cirrhosis with powerful
diagnostic potential (AUC = 80%), showing a similar result to that obtained in colorectal
cancer [34]. Ponziani et al. performed a clinical study in NAFLD-related cirrhotic patients
with and without HCC to evaluate GM imbalance and inflammatory status in chronic
liver diseases [35]. Specifically, fecal levels of calprotectin, a marker of local inflammation
released by intestinal neutrophils, were elevated in the HCC group together with plasma
levels of proinflammatory chemokines (IL-8, IL-13, CCL3, CCL4, and CCL5) compared to
cirrhotic patients without HCC. Microbiome analysis by 16S rRNA amplicon sequencing
revealed a higher relative abundance of Enterococcus and Streptococcus, along with a reduced
relative abundance of Akkermansia and Bifidobacterium in HCC. Notably, Akkermansia was
the most represented genus in the control group, whereas Bifidobacterium was the most
represented genus in cirrhotic patients without HCC, highlighting the profound changes
occurring in NAFLD-related liver cancer patients. Similarly, Behary and colleagues [36] per-
formed shotgun metagenomic sequencing in NAFLD cirrhotic and NAFLD-HCC patients
and reported decreased α-diversity compared to non-NAFLD controls. At the phylum
level, NAFLD-HCC was characterized by the expansion of Proteobacteria compared to
non-NAFLD controls. At the family level, an increase in Enterobacteriaceae was described
in NAFLD-HCC compared to both NAFLD-cirrhosis and non-NAFLD controls. A reduc-
tion in Oscillospiraceae and Erysipelotrichaceae was observed in NAFLD-HCC compared to
non-NAFLD controls only. At the species level, the NAFLD-HCC microbiome showed en-
richment in five bacterial taxa that are well-known short-chain fatty acid (SCFA) producers,
namely Bacteroides xylanisolvens, Ruminococcus gnavus, and Clostridium bolteae, which were
enriched in NAFLD-HCC and NAFLD-cirrhosis compared to non-NAFLD controls, and
Bacteroides caecimuris and Veillonella parvula, which were increased in NAFLD-HCCs only.
As a proof of principle, microbial genes involved in SCFA synthesis, e.g., pyruvate carboxy-
lase, phosphate acetyltransferase, and phosphate butyryltransferase, as well as fecal levels
of oxaloacetate and acetylphosphate, which are known SCFA intermediates, were overex-
pressed in NAFLD-HCC compared to NAFLD-cirrhosis and non-NAFLD, demonstrating
HCC specificity that could be exploited for the discovery of non-invasive biomarkers. The
NAFLD-HCC GM was also associated with an immunosuppressive milieu characterized
by altered expansion of regulatory T cells (Tregs) and decreased CD8+ T cells, paving
the way for gut-modulating therapeutic strategies to potentiate immunotherapy in HCC.
Another study confirmed the decreased microbiome diversity in cirrhotic and HCC patients
compared to NAFLD subjects [37]. A reduced relative abundance of the SCFA-producing
bacteria Blautia and Agathobacter was detected in cirrhotic and HCC patients. Interestingly,
an enrichment of fecal bacteria 16S copies in the blood and liver increased progressively
from NAFLD to cirrhosis to HCC, showing an enrichment for the Ruminococcaceae and
Bacteroidaceae families and indicating disease-specific bacterial translocation. A significant
association between several bacterial genera and metallothionein 1B (MT1B), a scavenger of
reactive oxygen species (ROS), was found in liver samples from HCC patients, suggesting
that bacterial translocation to the liver, arising from an impaired gut barrier, determines the
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perturbation of gene expression in the liver, including genes with antioxidant functions
which are well-known players during hepatocarcinogenesis. It should be noted that there
was a slight discrepancy between studies in terms of microorganisms identified, which
could be attributed to several causes, among which are the presence of different etiologic
factors, control groups, and microbiome-associated confounding factors [38], as well as
methodological differences (for wet and in silico methods). In addition, only one study [33]
found that fecal microbial diversity was increased in early HCC in comparison to cirrhosis,
while the others reported a reduction in diversity in HCC patients. The authors suggest
that the overgrowth of various harmful bacteria or archaea could be detrimental for HCC
development in their HBV-related patient cohort, as reported in colorectal carcinoma [39].
A further difference among these studies that might explain that this discrepancy in GM
richness in HCC patients represents the different etiologies of patient cohorts, as detailed
in Table 1.

Table 1. Dysregulation of gut microbiome in HCC patients.

Comparison HCC Etiology Dysregulated Microbiome Methodology Reference

eHCC vs. cirrhosis HBV infection
Actinobacteria phylum ↑,

Gemmiger ↑, Parabacteroides ↑,
Paraprevotella ↑

16S rRNA amplicon
sequencing [33]

NAFLD-HCC vs.
NAFLD-cirrhosis NAFLD Enterococcus ↑, Streptococcus ↑,

Akkermansia ↓, Bifidobacterium ↓
16S rRNA amplicon

sequencing [35]

NAFLD-HCC vs.
NAFLD-cirrhosis NAFLD

Bacteroides caecimuris ↑, Veillonella
parvula ↑, Clostridium bolteae ↑,

Ruminococcus gnavus ↑,
Enterobacteriaceae ↑

Shotgun
metagenomic
sequencing

[36]

HCC vs. NAFLD
AFLD, NAFLD,

HBV/HCV infection,
PBC, PSC, AIH

Blautia ↓, Agathobacter ↓,
Ruminococcaceae ↑, Bacteroidaceae ↑

16S rRNA
sequencing [37]

eHCC: early HCC, HBV: hepatitis B virus, HCV: hepatitis C virus, NAFLD: non-alcoholic fatty liver disease,
AFLD: alcohol-associated fatty liver disease, PBC: primary biliary cholangitis, PSC: primary sclerosing cholangitis,
AIH: autoimmune hepatitis.

A preclinical study by Schneider and coworkers reported the influence of dysbiosis,
obtained by Nlrp6 gene knockout, on the tumor microenvironment in a steatohepatitis-
HCC mouse model (NEMO∆hepa). The authors demonstrated that bacterial translocation,
due to the presence of a leaky intestinal barrier, affected the antitumoral response by
expanding monocytic myeloid-derived suppressor cells (mMDSCs) and suppressing CD8+
T cell proliferation [13]. As a proof of principle, antibiotic treatment and A. muciniphila
administration reduced liver transaminase levels in NEMO∆hepa/Nlrp6-/-, mice proving
that (1) microbial dysbiosis has detrimental effects on liver injury and (2) A. muciniphila
supplementation can have a beneficial effect even in the presence of host-derived factors
that promote dysbiosis, such as NLRP6 deficiency. Similarly, cirrhotic patients showed
a close association between bacterial translocation and activation of fibrogenic and pro-
inflammatory pathways that interfere with cancer immunosuppression, highlighting the
strict gut–liver crosstalk during disease progression. In line with this, another study
reported the overgrowth of fecal E. coli in cirrhotic patients with HCC, suggesting its
contribution to malignant transformation in cirrhotic patients [40].

Taken together, preclinical and clinical studies have demonstrated the influence of
gut dysbiosis in HCC development, pointing out the relevance of microbiome sequencing
for biomarker discovery and the potential of manipulating the microbiome as a promising
intervention strategy to potentiate the antitumor immune response.
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2.3. Microbial Metabolites in Chronic Liver Disease and HCC

GM contributes to hepatic energy metabolism through several mechanisms, including
the production of SCFAs and the metabolism of BAs, which have been implicated in the
progression of HCC [41]. Additionally, epithelial barrier dysfunction, often observed in
patients with CLD, may facilitate the translocation of gut metabolites to the liver [42].

For example, the microbial metabolite, 3-(4-hydroxyphenyl)lactate, has been associ-
ated with liver fibrosis in NAFLD patients; pathway reconstruction analysis linked it to
several species of the human GM belonging to Firmicutes, Bacteroidetes, and Proteobacteria
phyla [43]. Serum metabolites have also been investigated in the context of risk stratification
in patients with cirrhosis enrolled in screening programs for the early detection of HCC.
In the study by Sanchez et al., an analysis of serial blood samples from patients under
active surveillance for HCC identified metabolites associated with the risk of HCC devel-
opment [44]. In particular, an increase in the microbiome-derived metabolite salicyluric
glucuronide and a decrease in 3-phenylproprionate and cinnamoylglycine were reported
in specimens from cirrhotic patients who developed HCC, which were collected 12 months
prior to diagnosis, compared to those who did not. This study highlighted that GM-derived
metabolites may be strong candidates for early diagnosis of HCC in at-risk populations,
which is a critical step to improve management and reduce mortality in these patients.
A huge modification of the GM and serum metabolome has also been reported in HCC
compared to cirrhotic patients and healthy individuals [45]. Two key species (Odoribacter
splanchnicus and Ruminococcus bicirculans) and five metabolites (ouabain, taurochenodeoxy-
cholic acid, glycochenodeoxycholate, theophylline, and xanthine) were associated with
HCC and outperformed alpha-fetoprotein (AFP) as diagnostic biomarkers.

SCFAs, which are produced by the GM mainly through the fermentation of dietary
fiber, exert, in most cases, protective anti-inflammatory effects, enhance barrier integrity,
modulate liver metabolism, and even promote anticancer effects, thus counteracting dis-
ease progression [46]. For example, butyrate levels were reduced in the plasma of HCC
patients compared to healthy individuals [47]. Furthermore, butyrate supplementation was
proven to inhibit HCC proliferation and metastasis and improve the therapeutic efficacy of
sorafenib by triggering the calcium signaling pathway and increasing ROS production, thus
leading to apoptotic cell death in an orthotopic mouse model. Similarly, SCFAs, especially
acetate, along with Lactobacillus reuteri, were markedly underrepresented in HCC mice [48].
Mechanistically, acetate impairs the production of the proinflammatory cytokine IL-17 by
type 3 innate lymphoid cells, which are correlated with poor prognosis in HCC patients.
Ma and colleagues reported an increased relative abundance of Bacteroides thetaiotaomicron
in non-recurrent HCC patients [49]. Acetate mediated its effects in modulating macrophage
polarization and activation of cytotoxic CD8+ T cells, exerting antitumor activity in vivo
by regulating fatty acid biosynthesis in tumor macrophages. However, other studies have
reported contrasting data regarding the effects of SCFAs in HCC tumorigenesis. In HCC
animal models, dietary fructose promoted HCC progression through microbial acetate pro-
duction, responsible for the induction of protein hyper-O-GlcNAcylation in tumor cells [50].
Behary et al. identified marked dysbiosis and increased production of SCFAs in both
stool (acetate, butyrate) and serum (butyrate, propionate) specimens from NAFLD-HCC
patients compared to NAFLD-cirrhosis and non-NAFLD individuals [36], suggesting a
detrimental effect of these metabolites in HCC progression. For butyrate, such a dual role
(known as “the butyrate paradox”) has been attributed to its concentration, with higher
levels required for histone deacetylase inhibition and, thus, anticancer effects [51]. Further
studies are therefore mandatory to clarify the context-specific role of microbial metabolites
in hepatocarcinogenesis. Once elucidated, they could serve as diagnostic and prognostic
biomarkers in a personalized multi-omics approach.
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the left, the mechanisms associated with HCC suppression are characterized by the presence of an eubi-
otic gut microbiome (GM) profile, enriched in beneficial microbes and capable of producing short-chain 
fatty acids (SCFAs), which enhance intestinal epithelial integrity and promote apoptosis of tumor cells 
via reactive oxygen species (ROS), as well as reduced levels of tumor-promoting metabolites such as sec-
ondary bile acids and microbe-associated molecular patterns (MAMPs), leading to reduced hepatic 

Figure 1. Mechanisms by which the gut microbiome promotes or hinders the progression of HCC.
On the left, the mechanisms associated with HCC suppression are characterized by the presence of
an eubiotic gut microbiome (GM) profile, enriched in beneficial microbes and capable of producing
short-chain fatty acids (SCFAs), which enhance intestinal epithelial integrity and promote apoptosis
of tumor cells via reactive oxygen species (ROS), as well as reduced levels of tumor-promoting
metabolites such as secondary bile acids and microbe-associated molecular patterns (MAMPs),
leading to reduced hepatic inflammation and fibrosis. This environment is characterized by a decrease
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in inflammatory macrophages and an increase in effector CD8+ T cells, fostering an anti-tumor
immune response. On the right, the mechanisms that promote HCC progression are summarized.
Gut dysbiosis, reduced ability to produce SCFAs, and increased intestinal permeability (“leaky
gut”) may lead to increased generation and translocation of tumor-promoting metabolites, such
as secondary bile acids. Dysbiosis also heightens hepatic exposure to gut-derived MAMPs and
pathogen-associated molecular patterns (PAMPs), which drive hepatic inflammation, fibrosis, and
cell proliferation. This pro-tumor environment is further characterized by an increase in macrophages,
monocytic myeloid-derived suppressor cells, and a reduction in CD8+ T cells, contributing to immune
evasion. “The figure was partly generated using Servier Medical Art provided by Servier, licensed
under a Creative Commons Attribution 4.0 unported license”.

Bile Acid Changes in Chronic Liver Disease and HCC

Primary BAs are produced in the liver and then metabolized by specific enzymes
of gut microbes to produce secondary BAs, which return to the liver via enterohepatic
circulation [52]. BAs play critical roles in the maintenance of a healthy GM, in the home-
ostasis of lipid and carbohydrate metabolism, as well as in insulin sensitivity and innate
immunity. The complexity of enterohepatic circulation, BA metabolism, and signaling has
been reviewed elsewhere [53]. In addition to acting as detergents, BAs serve as ligands for
several nuclear receptors (e.g., FXR) in the liver and the ileum, activating negative feedback
loops that control their production from cholesterol by repressing CYP7A1 expression,
the key enzyme in BA synthesis [54]. BA-regulated FXR signaling also interferes with
lipid metabolism by repressing sterol regulatory element-binding protein 1c (Srebp1c),
the master regulator of de novo lipogenesis in mice, promoting fatty acid oxidation and
reducing serum triglyceride levels in humans. Notably, BAs shape the GM, but, in turn,
they are metabolized by the intestinal bacterial flora, producing novel BA metabolites and
signaling molecules [55]. Indeed, disruption of GM eubiosis can alter the recycling of
BAs and has been implicated in the onset of gastrointestinal and extraintestinal tumors,
including HCC [56].

Smirnova and coworkers identified changes in fecal BAs derived from microbial
metabolism, including increases in 7,12-diketolithocholic acid, glycodeoxycholic acid, and
lithocholic acid in NASH compared to NAFLD [57]. Transcriptomic analysis confirmed
the deregulation of key microbial genes involved in BA conversion, such as bile salt
hydrolase (BSH), which is involved in the first and rate-limiting step of intestinal BA
metabolism, and microbial genes belonging to acid-inducible operons (bai), which convert
primary to secondary bile acids through 7-dehydroxylation, the main gut modification
of BAs. The clinical association of serum deoxycholic acid (DCA) with NASH and active
fibrosis and of taurodeoxycholate with cirrhosis decompensation were confirmed in an
independent cohort, pointing out the clinical relevance of BAs as biomarkers of disease
severity. DCA is a gut microbial metabolite known to cause DNA damage, whose levels
were found to be increased in obese individuals [58]. In obesity-related HCC mouse models
characterized by diet-induced gut dysbiosis, the enterohepatic circulation of DCA provoked
the activation of the ‘senescence-associated secretory phenotype’ in hepatic stellate cells,
which in turn secreted pro-inflammatory and tumor-promoting factors in the liver, thereby
facilitating HCC development. Similarly, an HFD-induced NASH-HCC mouse model
showed accumulation of cholesterol and bile acids in the liver and feces [59]. Antibiotic
treatment suppressed tumor development and hepatic accumulation of secondary BAs,
which are involved in the activation of the oncogenic mTOR pathway.

BAs also play an important role in immunosurveillance of tumor growth in the liver,
where the balance between primary and secondary BAs is fundamental for NKT cell ac-
cumulation mediated by the CXCR6/CXCL16 axis [60]. Primary BAs increase CXCL16
expression, favoring a tumor suppressor microenvironment, whereas secondary BAs have
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the opposite effect. Probiotics, antibiotics, and secondary BA acid inhibitors may be interest-
ing strategies for the development of personalized anticancer therapeutics in primary and
metastatic liver tumors. The study by Conde de la Rosa et al. reported the accumulation of
BAs in NASH-HCC patients together with the upregulation of steroidogenic acute regu-
latory protein 1 (STARD1), which stimulates the generation of BAs via the mitochondrial
acidic pathway and increases liver tumorigenicity in mouse models [61]. Mechanistically,
BAs exert a pro-tumorigenic role in vitro by inducing hepatocyte pluripotency and self-
renewal genes. Notably, BAs are host-derived but can shape the microbiome composition
through their antimicrobial activity, and in turn, bacterial metabolism can modify the
composition of the intestinal and circulating BA pools, thereby interfering with gut and
liver homeostasis [62]. Because of the importance of the liver–bile acid–microbiome axis,
manipulating the composition of the microbiome or directly the bile acid pool might be a
promising strategy to delay the progression of CLD.

3. NAFLD-HCC Pathogenesis
NAFLD represents the most prevalent liver disease and is likely to emerge as the

leading cause of CLD and HCC development in the near future [63]. The risk of HCC
onset is lower in NAFLD patients in comparison to other etiologies, but its high preva-
lence worldwide impacts a wide number of people, making it a serious global burden
for healthcare systems’ policies [64]. NAFLD is a condition characterized by increased
lipid content in more than 5% of hepatocytes. Accumulation of triglycerides within hep-
atocytes (liver steatosis) is a hallmark of NAFLD and is strongly associated with obe-
sity, type 2 diabetes mellitus, and metabolic syndrome [65]. In this regard, experts have
reached a consensus that NAFLD does not reflect the current knowledge on the pathology
and suggested the update of NAFLD nomenclature to “metabolic associated fatty liver
disease—MAFLD”. Its diagnosis should be based on the presence of metabolic dysfunction,
such as insulin resistance/type 2 diabetes mellitus, overweight/obesity, and dyslipidemia
(low HDL cholesterol and/or hypertriglyceridemia), and not on the absence of other condi-
tions such as alcohol abuse [66]. Parallel to the obesity epidemics, the prevalence of NAFLD
is steadily increasing on almost every continent, affecting 30% of the world’s population
and being the predominant cause of liver dysfunction worldwide [67].

NAFLD progression is not fully understood, but it is known that a subset of indi-
viduals develops NASH, a more serious form of liver damage associated with lobular
inflammation and hepatocellular ballooning that can progress to fibrosis through the activa-
tion of Kupffer and stellate cells, establishing a vicious cycle of cell injury and death, which
prompts compensatory proliferation and disease progression. Non-invasive tests cannot
reliably differentiate NAFLD from NASH; however, studies evaluating serum levels of liver
enzymes as surrogate biomarkers, despite underestimating the true prevalence, suggest
NASH development in about 25% of NAFLD subjects. In some individuals, NASH even-
tually develop to cirrhosis and/or HCC, which may represent the causes of liver-related
death [68].

In the last years, the simplistic and outdated theory of ‘two-hit hypothesis’ has been
replaced by the multiple-hit hypothesis, which takes into account multiple synergistically
acting events that contribute to the development and progression of NAFLD [69]. These
hits include increased intracellular levels of free fatty acids (FFAs) that cause lipotoxicity,
adipose tissue alterations leading to the release of hormones (adipokines) and inflam-
matory chemokines (IL-6 and TNFα), nutritional unbalance, GM dysbiosis, and genetic
predisposing factors. All these events contribute to the development of an inflammatory
milieu, hepatocyte death, and hepatic stellate cell activation, establishing a negative cycle
of tissue regeneration and extracellular matrix deposition. It was thought that fibrosis
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progression was more frequent in NASH with respect to NAFLD; however, several studies
have dismantled this dogma. A dual biopsy cohort study showed that fibrosis progression
is observed in 40% of cases irrespective of NAFLD or NASH diagnosis and is associated
with diabetes [70]; the degree of fibrosis, and not NASH, is the strongest predictive factor
of liver-related or unrelated mortality [71].

Despite the large prevalence of NAFLD in the population, a paradox regarding its
evolution highlights that only a small proportion (2.4–12.8%) of cases develops HCC
or experiences liver-related death [72]. Notably, over the past decades, several cases of
NAFLD-related cirrhosis have been defined as ‘cryptogenic’, masking the real contribution
of this etiology to HCC development. It is now well established that NAFLD increases
the risk of cirrhosis and HCC and that metabolic traits additionally increase this risk,
with diabetes showing the strongest association with HCC, as reported in retrospective
studies [73,74]. On the other hand, it is becoming more evident that NAFLD-HCC may
occur in the absence of liver cirrhosis in nearly half of cases [75]. From a clinical perspective,
it is important to identify both disease progressors and patients to be included in screening
programs. The multifactorial basis for this heterogeneity in the clinical course of the disease
is under investigation, aiming to identify biological drivers of disease progression and
tailored strategies to NAFLD patients.

3.1. NAFLD Progression and Dysbiosis of the Gut and Liver Microbiome

Although cirrhosis is the main predisposing factor to malignant transformation of
hepatocytes, several other environmental risk factors contribute to disease progression
in NAFLD patients. Due to the central role of the gut–liver axis in the pathophysiology
of NAFLD-NASH, gut microbial dysbiosis is emerging as a critical event in promoting
and exacerbating the fibro-inflammatory response of the liver microenvironment [76]. In
this regard, an outstanding study has revealed that specific commensal bacteria, includ-
ing Odoribacteraceae, induce the liver-resident immunosuppressive population of Marco+
macrophages through the production of the metabolite isoallolithocholic acid (isoallo-LCA),
thereby suppressing inflammatory responses in periportal vein zones [77]. In particular,
this metabolite strongly increased when mice received a strain of Odoribacteraceae (Odori)
while cohoused with specific pathogen-free (SPF) mice, suggesting that the symbiosis of
Odori with other bacteria is necessary for the production of isoallo-LCA which, in turn,
stimulated the induction of Marco+ Kupffer cells and increased the expression levels of the
anti-inflammatory interleukin IL-10. Since gut bacteria, or their related products, can reach
the liver through the portal vein, the activation of this macrophage subpopulation is re-
sponsible for protecting the liver against harmful inflammatory responses that characterize
CLDs. Dysbiosis and intestinal barrier leakage are responsible for the failure of this self-
limiting system, promoting hepatic inflammatory disorders such as NASH. This aspect has
great therapeutic potential because different microbiome-based strategies can be deployed
as primary or secondary prevention, such as antibiotic treatment, prebiotics, probiotics,
synbiotics, postbiotics, and fecal microbiota transplantation (FMT). The latter approach was
used to investigate whether changes in the GM could alter plasma metabolites and liver
DNA methylation in NAFLD patients that underwent three 8-weekly vegan allogenic donor
or autologous FMTs [78]. Upon vegan allogenic FMT, the most significant changes were
increases in Eubacterium siraeum, Blautia wexlerae, phenylacetylcarnitine, and phenylacetyl-
glutamine. In addition, metabolites related to glycerophospholipid metabolism and choline
derivatives were among the most discriminating between the two groups. Hepatic DNA
methylation profiles showed hypomethylation of Threonyl-TRNA Synthetase 1 (TARS) and
Zinc finger protein 57 (ZFP57) upon allogenic FMT. Multi-omics analysis identified multiple
associations between GM, plasma metabolites, and liver DNA methylation, showing that
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changes in microbiome composition may have effects beyond the intestine, paving the way
for future investigations aimed at developing precision microbiome-based strategies for
NAFLD treatment.

On the other hand, host characteristics may influence the selection of specific mi-
crobial taxa in the liver, thereby contributing to the modulation of disease biology. For
example, Pirola and coworkers demonstrated that host genetics modulate the microbial
composition of the liver in NAFLD patients [79]. They focused on variants that positively
(PNPLA3-rs738409, TM6SF2-rs58542926, MBOAT7-rs641738) or negatively (HSD17B13-
rs72613567) influence the risk of histological severity of NAFLD and on a variant that
influences macronutrient preference and carbohydrate intake (FGF21-rs838133). Carriers
of the PNPLA3-rs738409 and TM6SF2-rs58542926 risk alleles were enriched in the Enter-
obacter and Pseudoalteromonas genera, respectively, whereas the Lawsonella, Prevotella_9,
and Staphylococcus genera were enriched in FGF21-rs838133 minor allele carriers, which
are linked to sugar consumption. In addition, Tyzzerella and Lactobacillus exhibited the
strongest associations with high (>4 risk alleles) and low (<4 risk alleles) polygenic risk
scores (PRS), respectively. PRS also explained the 7.4% variation in genus-level taxa inde-
pendently of liver steatosis score and obesity, suggesting that host genetics may shape the
metabolic liver environment, exerting selective pressure on liver microbial populations.
In line with this, a preclinical study [80] reported a close relationship between improved
mitochondrial activity and GM profile alterations. Specifically, a knockout (KO) mouse
model for the negative regulator of the mitochondrial complex I, methylation-controlled J
(MCJ) protein, showed enhanced respiration rates and ATP synthesis without any increase
in ROS production. NASH induction was obtained by feeding wild-type (WT) and MCJ KO
mice on a choline-deficient, L-amino acid-defined, high-fat diet (CDA-HFD) for 6 weeks.
MCJ KO mice showed improved intestinal barrier integrity and histopathological disease
scores, as well as a peculiar microbiome profile, which was characterized by increased
relative abundance of Dorea and Oscillospira and reduced proportions of AF12, Allboaculum,
and [Ruminococcus]. When transferred to germ-free (GF) mice through cecal microbiota
transplantation, the microbiome signature of MCJ KO mice exerted beneficial effects and
delayed NASH progression mice by enhancing fatty acid oxidation, SCFA, nicotinamide
adenine dinucleotide (NAD+) metabolism, and sirtuin activity. In particular, Dorea was
identified as one of the key modulators of this protective phenotype; it was consistently
found to be reduced in lean, but not obese, NAFLD individuals, highlighting the need to
consider BMI when proposing therapeutic approaches based on microbiome modulation.

Regarding disease progression, Huang et al. investigated the GM composition in
NAFLD and NASH patients, describing the changes that may be associated with clinical
evolution [81]. A decrease in α-diversity was reported from healthy controls to NASH
patients, with significant differences in taxonomic composition among the three groups. At
the phylum level, both the NAFLD and NASH groups showed enrichment of Bacteroidetes
and Fusobacteria, as well as decreased Firmicutes to Proteobacteria ratios; however, Fir-
micutes were higher and Bacteroidetes lower in NASH compared to NAFLD patients. At
the genus level, higher levels of Megamonas and Fusobacterium were detected in the NASH
group compared to the NAFLD group. When testing the predictive potential of the micro-
biome, the relative abundance of Prevotella_9 was found to discriminate NAFLD patients
from healthy controls, while the combination of Megamonas and Fusobacterium specifically
identified the NASH group, suggesting that their elevated levels could be associated with
disease progression and used as possible diagnostic tools. Notably, expected dissimilarities
in GM composition were found between Asian and European NAFLD cohorts, likely due
to differences in dietary habits and living environments, confirming that caution should
be taken when generalizing microbiome results from different geographic areas. Diets
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differ significantly among countries due to differences in their development levels, cultural
practices, and types of diets (omnivorous versus vegetarian). Nutritional components,
such as fats, are reported to be associated with increases in Bacteroidetes and Actinobacteria
species and decrease in Firmicutes and Proteobacteria phyla [82]. Notably, the host location
showed the strongest associations with GM variations, exceeding the effect of metabolic
diseases, including T2DM, metabolic syndrome, obesity, and fatty liver, confirming that
caution should be taken when generalizing microbiome results from different geographic
areas [83]. Moreover, whether the geographical effect is driven by host-specific factors
(e.g., development during infancy, antibiotic treatments) or introduced by other ecologi-
cal processes (e.g., infections by pathogens and host interactions with the environmental
microbiome) requires further investigation [84].

Astbury and colleagues reported a progressive decrease in α-diversity from healthy
controls to NASH without cirrhosis to NASH with cirrhosis [85]. The most representative
OTU of NASH was Collinsella, showing an increased abundance from controls to NASH
without cirrhosis to NASH with cirrhosis; it was positively associated with fasting triglyc-
erides and total cholesterol and negatively associated with HDL, possibly influencing host
lipid metabolism. Furthermore, the decrease in SCFA-producing genera of Ruminococ-
caceae in both NASH-related groups has been suggested to contribute to exacerbate liver
inflammation, leading to disease progression. Finally, an interesting study by Smirnova
et al. [57] reported a strong association between bile acid-producing bacteria and the degree
of fibrosis in NAFLD and NASH cohorts. BAs of microbial origin increased with disease
progression and were linked to the altered expression of BSH, Bai, and hydroxysteroid
dehydrogenases (hdhA) genes, which are required for DCA and downstream metabolite
synthesis, explaining how the GM might be responsible for changes in the fecal BA pro-
file. In particular, bacteria harboring genes for DCA metabolism, such as members of the
phylum Bacteroidetes and the family Lachnospiraceae, increased in parallel with disease
severity. On the contrary, beneficial microbes sensitive to the antibacterial effects of DCA
(e.g., Ruminococcaceae) decreased, emphasizing the profound effect of bile acid composi-
tion on microbiome remodeling. Mechanistically, DCA increases collagen synthesis by
hepatic stellate cells via binding to TGR5 receptors [86] and leads to perturbation of the
mitochondrial-mediated cell death pathway [87].

In conclusion, an entangled crosstalk between host characteristics and the gut and
liver microbiome influences NAFLD progression, opening the way for the discovery of
biomarkers for the different stages of the disease and therapeutic strategies based on
microbiome modulation.

3.2. Promoting Healthy Lifestyles and Modulating Gut Microbiome Composition for the Treatment
of NAFLD: Clinical and Preclinical Studies

Some evidence has shown that weight loss (at least 3–5%) generally reduces hepatic
steatosis, with greater weight loss (up to 10%) also improving necroinflammation [88]. Al-
though achievable in the trial setting, weight loss can be challenging in clinical practice and
requires focused intervention in specialist clinics with the aim of long-term maintenance.
Notably, plant-based diets are associated with lower NAFLD risk and more favorable
liver function serum profiles [89]. In the absence of approved pharmacological therapies
for NAFLD treatment, prior to the accelerated approval of Resmetirom last year [90,91],
hypocaloric diets alone or in combination with incremental physical activity programs were
effective methods for achieving consistent weight loss and improving hepatic steatosis and
insulin sensitivity, and were therefore recommended by European and American guidelines
as first-line interventions for the prevention and treatment of NAFLD [92,93].

A randomized clinical trial (RCT) in overweight/obese NASH patients reported
the beneficial effect of weight reduction (>7%) on lobular inflammation, ballooning, and
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NAFLD activity score (NAS) [94]. After 48 weeks, a significant weight reduction (9.3%)
and improvement in NAS were observed in the lifestyle intervention group, focused on
diet, exercise, and behavior modification, compared to the control group. Similarly, Cheng
et al. conducted an RCT in prediabetic patients with NAFLD comparing three different
experimental groups: progressive aerobic exercise training (60–75% VO2max intensity for
2–3 times/week in 30–60 min/sessions), diet intervention (38% carbohydrate and 12 g/day
fiber), and the combination of the two, for a period of 6 to 8 months [95]. Hepatic fat content
(HFC), assessed by magnetic resonance (1H MNR), decreased in all intervention groups
compared to the control group, with the highest decrease in the diet plus exercise group.
No remission or progression of prediabetes to diabetes was observed in the intervention
groups as measured by glycated hemoglobin (HbA1c). Interestingly, 16S rRNA sequencing
analysis showed a deterioration in microbial composition with decreased α-diversity in the
non-intervention group only, confirming a strong association between disease progression
and the health status of the GM [96]. In addition, enrichment of amplicon sequence variants
(ASVs) belonging to Bacteroides and Ruminococcus was observed in all three intervention
groups, which also showed, at the metagenomic analysis, alterations in metabolic pathways,
such as ‘carbohydrate metabolism’, ‘energy metabolism’, and ‘lipid metabolism’. Further-
more, the individual baseline gut microbial network predicted the response to the exercise
intervention, but not to the diet-based interventions. Another study by Calabrese et al. iden-
tified an increased relative abundance of six genera (Ruminococcus, Oscillospiraceae-UCG002,
Oscillospiraceae-UCG005, Dialister, Alistipes, and Eubacterium eligens) in the Mediterranean
diet (MD) plus aerobic physical activity group compared to either the single treatments or
the control diet [97]. The presence of fiber in the MD could positively influence the intestinal
barrier, as demonstrated by Krawzyck et al., who reported a reduction in serum ZO-1, a
surrogate marker for the assessment of “leaky” gut, in NAFLD patients after a 6-month
dietary intervention with increased fiber consumption [98]. At the end of treatment, a
positive correlation was reported between serum ZO-1 levels and biochemical parameters
of hepatic damage (ALT, AST), serum triglycerides, and fatty liver status, suggesting an
overall beneficial effect of increased dietary fiber intake. A weakness of this study is the
lack of a control group, which limits the biological relevance of the findings. Adherence to
the MD, as evaluated by the MedDietScore, was negatively correlated with serum levels of
liver damage parameters, severity of liver steatosis, and insulin levels. Patients with NASH
were less adherent to the MD than those with NAFLD, indicating that adherence to the
MD was also inversely correlated with liver disease severity [99]. A meta-analysis showed
that prebiotics, such as psyllium, Ocimum basilicum, and inulin, led to improvements in
anthropometric and biochemical parameters, suggesting the need for prospective controlled
studies to better define fiber type, dosage, and duration interval for optimal results [100].

Regarding the influence of diet composition, a Chinese study reported the effect of a
freshwater fish-based (F) diet compared to an isocaloric freshwater fish-/red meat-based
(F/M) diet in NAFLD individuals [101]. At the end of the intervention (84 days), the abso-
lute decrease in hepatic steatosis and the relative reduction in liver fat content were greater
in the F group than in the F/M group, in line with the improvement in several biochemical
parameters. Notably, the F group also showed an enrichment of Faecalibacterium (a SCFA
producer candidate as a next-generation probiotic), fecal SCFAs, and fecal unconjugated
BAs, as well as a parallel depletion of Prevotella_9 and conjugated BAs. These changes cor-
related with the liver profile, suggesting that gut microbiome-induced metabolic alterations
might be responsible for the clinical improvement in NAFLD patients on a fish-based diet
rich in ω-3 polyunsaturated fatty acids (n-3 PUFAs). Indeed, preclinical studies in NAFLD
mouse models fed a high-fat, methionine choline-deficient (MCD) diet demonstrated the
beneficial effect of n-3 PUFAs in decreasing serum triacylglycerol and cholesterol concen-



Cells 2025, 14, 84 15 of 30

trations and hepatic triacylglycerol content, suggesting promising nutraceutical effects
for the prevention and treatment of NAFLD [102]. However, a meta-analysis reported a
significant benefit of PUFA supplementation in reducing liver fat, but not transaminase,
levels, highlighting a huge variation between studies, with the optimal dose yet to be
identified [103].

Interestingly, a preclinical study reported the beneficial effect of 16:8 time-restricted
feeding (TRF) in a high-fat-diet NAFLD mouse model [104]. After 6 weeks, hepatic steatosis
improved in the TRF group, with decreased expression of aldehyde oxidase 1 (AOX1), a key
enzyme involved in nicotinamide (NAM) catabolism, which mediates de novo lipogenesis
and fatty acid uptake through the production of pro-steatotic metabolites. Notably, FMT
from TRF-treated mice to HFD-fed mice mimicked the effect of the TRF regimen on NAM
catabolism, reducing hepatic fat content and improving lipid metabolism, demonstrating
that GM mediates the metabolic modulatory effect of TRF on NAM metabolism and pro-
viding novel insights for the prevention and treatment of NAFLD. In line with this, a TRF
regimen was also shown to alleviate obesity and NASH progression in mice by restoring the
rhythmicity of genera such as Lactobacillus, Mucispirillum, Acetatifactor, and Lachnoclostrid-
ium [105]. Similarly, every-other-day fasting (EODF) modulated the GM composition and
increased the levels of the fermentation end-products acetate and lactate [106], turning out
to be an interesting approach for the treatment of metabolic disorders such as obesity and
NASH. Regarding intermittent fasting, Lin and coworkers performed a preclinical study in
a mouse model of NASH obtained by feeding animals a high-fat, high-cholesterol (HFHC)
diet for 16 weeks with an intervention group treated with EODF for another 10 weeks [107].
EODF-treated animals showed reduced body weight, insulin resistance, hepatic steatosis,
and components of the NAS score such as ballooning and lobular inflammation. A reshap-
ing of the GM was also observed in EODF-treated mice together with a reduction in serum
total BAs, suggesting that intermittent fasting may have a protective effect against NASH
by regulating microbial metabolism of BAs and promoting their intestinal excretion. In
addition, EODF decreased the relative abundance of Cyanobacteria and Lactobacillus while
increasing that of Lachnospiraceae, Peptococcaceae, Peptococcus, Butyricicoccus, and Blautia.
Intermittent fasting may act on NAFLD pathogenesis through several mechanisms, such
as switching towards β-oxidation for energy production, reducing inflammation, and
modulating the GM [108].

The modulation of the gut microbiome by a probiotic mixture (Lactobacillus aci-
dophilus, Lactobacillus rhamnosus, Pediococcus pentosaceus, Bifidobacterium lactis, Bifi-
dobacterium breve, Lactobacillus paracasei) was investigated in a double-blind RCT study
in obese NAFLD individuals [109]. All the microbial strains except for L. paracasei increased
in the probiotic group after a 12-week supplementation, while P. pentosauceus was only
increased in the placebo group. The authors showed a decrease in triglyceride levels com-
pared to the placebo arm, but no clear results were obtained in terms of changes in liver fat
composition, highlighting the need for further investigations before proposing this supple-
mentation strategy in NAFLD patients. Similarly, a double-blind phase 2 trial evaluating the
effect of 1-year supplementation with a synbiotic formulation (fructo-oligosaccharides plus
Bifidobacterium animalis subspecies lactis BB-12) reported higher proportions of Bifidobac-
terium and Faecalibacterium spp. and reduced proportions of Oscillibacter and Alistipes
spp., but no associations with changes in liver fat content or markers of liver fibrosis [110].
According to a recent meta-analysis, synbiotics can ameliorate liver function, anthropo-
metric parameters, and inflammatory markers, but does not lead to significant changes
in liver fibrosis and steatosis or body composition, indicating that further adjustments in
supplementation strategies or combinations with lifestyle interventions are needed [111].
Finally, preclinical data showed a beneficial effect of A. muciniphila supplementation in an
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obese MAFLD mouse model obtained by feeding animals an HFHC diet [112]. Oral gavage
with this potential next-generation probiotic decreased body weight, liver triglycerides,
inflammatory cytokines, and liver injury markers and, notably, had a long-lasting effect.
From a mechanistic point of view, mice treated with A. muciniphila activated energy ex-
penditure by increasing lipid oxidation and mitochondrial copy number, confirming the
anti-obesogenic effect observed in preclinical models [113] and providing support for the
use of A. muciniphila preparations to target NAFLD and associated metabolic disorders.
A. muciniphila has recently been approved as a postbiotic for metabolic health, namely
weight management and glycemic control [114,115]. Probiotics hold promise for the man-
agement of NAFLD patients, but, since no consensus about their efficacy is reported in
the literature [116], further preclinical studies and clinical trials are highly recommended
before translating the preclinical findings into clinical practice.

FMT represents a promising approach for the treatment of dysbiosis-related dis-
eases [117], including NAFLD, as demonstrated by preclinical studies [118,119]. An RCT
study reported the efficacy and safety of colonoscopy-based FMT from healthy donors
to NAFLD recipients [120]. Metagenomics analysis revealed that FMT improved the di-
versity and composition of the GM in NAFLD patients, increasing the relative abundance
of Bacteroidetes and the Bacteroidetes-to-Firmicutes (B/F) ratio. Interestingly, when the
FMT group was stratified by BMI, significant post-treatment differences in the average fat
attenuation index and GM composition were observed between obese and lean NAFLD
patients, with the latter showing greater clinical efficacy of FMT. In line with this, another
double-blind RCT study reported that allogenic FMT from lean vegan donors to NAFLD
individuals led to beneficial changes in gut microbiome composition, blood metabolites,
and markers of steatohepatitis [121]. In particular, allogenic FMT increased the relative
abundance of Ruminococcus, Eubacterium hallii, Faecalibacterium, and Prevotella copri, while au-
tologous FMT resulted in minor changes except for increased proportions of Lachnospiraceae.
Furthermore, plasma levels of detrimental metabolites, such as phenyllactic acid—a harm-
ful microbial product of aromatic amino acid metabolism—and desaminotyrosine, were
increased following autologous FMT only. FMT has been demonstrated as an effective
therapeutic approach for recurrent Clostridium difficile infection (CDI), and its adoption in
the clinical practice has circumvented the standard regulatory processes (e.g., RCT studies)
that enable the collection of important safety data [122]. Because FMT meets the legal
definitions of both a biologic product and a drug, this practice cannot be used for any indi-
cation other than unresponsive/recurrent CDI without an ‘investigational new drug’ [123].
Indeed, uses of FMT that extend beyond pathogen transmission (e.g., obesity, diabetes,
cancer) raises several safety concerns; in addition, the absence of consensus guidelines on
practice standards may affect the short and long-term risks of this therapeutic approach.
Although exciting results have been achieved in understanding GM and its modulation,
more data and regulatory actions are needed to increase knowledge about the efficacy and
safety of FMT in human disease.

In summary, clinical and preclinical studies have demonstrated the positive impact of
gut microbiome modulation on the improvement of NAFLD clinical parameters, highlight-
ing a wide spectrum of possible interventions (Figure 2). However, large inter-individual
variability has been observed in NAFLD patients, e.g., in baseline microbiome profiles, BMI,
etc., which should be taken into account in the design of personalized precision strategies
with improved efficacy.



Cells 2025, 14, 84 17 of 30

Cells 2025, 14, 84 16 of 30 
 

 

composition of the GM in NAFLD patients, increasing the relative abundance of Bacteroidetes 
and the Bacteroidetes-to-Firmicutes (B/F) ratio. Interestingly, when the FMT group was strat-
ified by BMI, significant post-treatment differences in the average fat attenuation index and 
GM composition were observed between obese and lean NAFLD patients, with the latter 
showing greater clinical efficacy of FMT. In line with this, another double-blind RCT study 
reported that allogenic FMT from lean vegan donors to NAFLD individuals led to beneficial 
changes in gut microbiome composition, blood metabolites, and markers of steatohepatitis 
[121]. In particular, allogenic FMT increased the relative abundance of Ruminococcus, Eubacte-
rium hallii, Faecalibacterium, and Prevotella copri, while autologous FMT resulted in minor 
changes except for increased proportions of Lachnospiraceae. Furthermore, plasma levels of det-
rimental metabolites, such as phenyllactic acid—a harmful microbial product of aromatic 
amino acid metabolism—and desaminotyrosine, were increased following autologous FMT 
only. FMT has been demonstrated as an effective therapeutic approach for recurrent Clostrid-
ium difficile infection (CDI), and its adoption in the clinical practice has circumvented the stand-
ard regulatory processes (e.g., RCT studies) that enable the collection of important safety data 
[122]. Because FMT meets the legal definitions of both a biologic product and a drug, this prac-
tice cannot be used for any indication other than unresponsive/recurrent CDI without an ‘in-
vestigational new drug’ [123]. Indeed, uses of FMT that extend beyond pathogen transmission 
(e.g., obesity, diabetes, cancer) raises several safety concerns; in addition, the absence of con-
sensus guidelines on practice standards may affect the short and long-term risks of this thera-
peutic approach. Although exciting results have been achieved in understanding GM and its 
modulation, more data and regulatory actions are needed to increase knowledge about the 
efficacy and safety of FMT in human disease. 

In summary, clinical and preclinical studies have demonstrated the positive impact of 
gut microbiome modulation on the improvement of NAFLD clinical parameters, highlighting 
a wide spectrum of possible interventions (Figure 2). However, large inter-individual varia-
bility has been observed in NAFLD patients, e.g., in baseline microbiome profiles, BMI, etc., 
which should be taken into account in the design of personalized precision strategies with 
improved efficacy. 

 

Figure 2. Healthy lifestyles and gut microbiome modulation concur to reduce NAFLD progression to 
NASH by reducing steatosis and improving markers of hepatic damage. HFC: hepatic fat content; BAs: 
bile acids; SCFA: short-chain fatty acids; MD: Mediterranean diet; ZO-1: zonulin-1; PUFA: polyunsatu-
rated fatty acids; FMT: fecal microbiota transplantation. Numbers preceded by “#” indicate the reference 
article. 

Figure 2. Healthy lifestyles and gut microbiome modulation concur to reduce NAFLD progression to
NASH by reducing steatosis and improving markers of hepatic damage. HFC: hepatic fat content;
BAs: bile acids; SCFA: short-chain fatty acids; MD: Mediterranean diet; ZO-1: zonulin-1; PUFA:
polyunsaturated fatty acids; FMT: fecal microbiota transplantation. Numbers preceded by “#” indicate
the reference article.

3.3. Gut Microbiome Restoration in the Prevention of NAFLD Progression to HCC:
Preclinical Studies

Given the high incidence of NAFLD worldwide, NAFLD and NASH are becoming the
most frequent etiologic factors for HCC; in fact, NAFLD patients with high-grade fibrosis
have a sevenfold higher risk of tumor development in comparison to those without liver
disease. NASH-related HCC is increasingly diagnosed in the clinical setting and is the most
rapidly growing HCC indication for liver transplantation in the United States [124]. Since
no established therapeutic approaches are available to inhibit NAFLD progression in clinical
practice, here, we will review the most recent studies investigating the modulation of the
GM to prevent/slow down the transition from NAFLD/NASH to HCC in the preclinical
setting. Indeed, despite the recent approval of Resmetirom for MAFLD treatment [90,91],
information regarding HCC prevention is not yet available.

Li and coworkers assessed the antitumor potential of A. muciniphila in a NASH-HCC
mouse model called STAM, resembling human pathology, which was obtained following
streptozotic (STZ) injection immediately after birth and feeding with an HFD [125]. The
study reported a reduced relative abundance of A. muciniphila in NAFLD-HCC patients
and STAM mice and demonstrated that oral supplementation with this taxon improved
clinical parameters of NASH (steatosis, ballooning, NAS) and reduced HCC progression. A.
muciniphila supplementation also reshaped the inflammatory microenvironment, decreas-
ing IL-6 levels and favoring NKT cell infiltration in the liver, which mediated the antitumor
effect. Notably, the modulation of the immune cell compartment and the reduction in
the pro-inflammatory chemokine IL-17 have been identified as mechanisms of action of a
probiotic mixture tested in HCC mice, leading to the improvement of gut dysbiosis and,
in particular, to the enrichment of A. muciniphila [126]. The study by Song et al. reported
the beneficial effects of Bifidobacterium pseudolongum administration in two mouse models
of NAFLD-HCC (DEN + HFHC diet or + a choline-deficient/HFD). B. pseudolongum sup-
pressed tumor formation in both animal models and restored a healthy GM composition,
also improving gut barrier function [127]. Acetate was found to be the critical metabolite
that mediated most of the antitumor functions, as demonstrated by in vitro and in vivo
studies. Mechanistically, acetate produced by B. pseudolongum reached the liver via the
portal vein, where it bound to GPR43 (G-protein-coupled receptor 43), whose activation
blocked the IL-6/JAK1/STAT3 signaling pathway, thereby blocking pro-inflammatory cas-
cades and preventing NAFLD-HCC progression. The same authors proved the antitumor
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potential of another probiotic bacterium, Lactobacillus acidophilus, in the same NAFLD-HCC
animal models cited above, as well as in orthotopic allografts and germ-free tumorigenesis
mice [128]. Valeric acid was identified as the most abundant and prominent metabolite
mediating L. acidophilus anticancer effects in 2D and 3D in vitro models and in HFHC-fed
DEN-treated mice. Specifically, valeric acid was found to be upregulated in the mouse
liver, where it suppressed the Rho-GTPase pathway by binding to GPR41/43 and inducing
cell cycle arrest. An outstanding study by Zhang and coworkers demonstrated that the
anti-cholesterol drug atovarstatin was able to prevent HCC onset in mice fed an HFHC
diet by modulating the GM [129]. Dietary cholesterol caused spontaneous NAFLD–HCC
formation that was associated with an imbalance in the GM: Mucispirillum, Desulfovibrio,
Anaerotruncus, and Desulfovibrionaceae were sequentially increased with the different stages
of the disease, while Bifidobacterium and Bacteroides were depleted and inversely correlated
with cholesterol levels in humans. FMT from HFHC-fed mice into GF mice triggered hep-
atic lipid accumulation, cell proliferation, and inflammation in recipient animals, proving
that gut dysbiosis was the cause, not the effect, of the onset of NAFLD-HCC following a
high-cholesterol diet. Notably, BA biosynthesis was a key pathway enriched in HFHC-fed
mice, which showed higher serum levels of primary BA metabolites (e.g., taurocholic acid—
TCA) and lower levels of the microbial tryptophan metabolite, 3-indolepropionic acid (IPA).
Mechanistically, TCA aggravated cholesterol-induced triglyceride accumulation in normal
immortalized hepatocytes, whereas IPA inhibited cholesterol-induced lipid accumulation
and cell proliferation. Thereby, the atorvastatin-mediated decrease of cholesterol, which is
a major lipotoxic molecule that induces ROS and proinflammatory cytokines, together with
the restoration of GM diversity, could ameliorate metabolic functions of liver cells through
the modulation of GM-derived metabolites, preventing NAFLD progression. Because FMT
from atorvastatin-treated HFHC-fed mice did not promote hepatic cell proliferation in re-
cipient GF mice and atorvastatin treatment prevented steatohepatitis and fibrosis and HCC
development in HFHC-fed mice, statin treatment represents a promising and cost-effective
strategy to prevent/delay disease progression in hypercholesterolemic NAFLD patients.

These recent preclinical findings confirm the active role of GM dysbiosis in NAFLD
progression to HCC (Figure 3) and pave the way for the administration of anti-cholesterol
drugs or probiotics in NAFLD patients with or without hypercholesterolemia from a
preventive perspective.
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4. Systemic Treatments for Advanced HCCs
Because of the late diagnosis of advanced cases, high recurrence rates following

surgical resection and progression to locoregional therapy, approximately 50% of HCC
patients ultimately receive systemic therapy [130]. ICIs have dramatically changed the
treatment landscape for advanced HCC, with two trials demonstrating superior over-
all survival benefits over sorafenib in first-line settings [131,132]. Immunotherapy has
greatly prolonged the life expectancy in responder patients, showing a median survival of
19.6 months in the real world [133]. Nevertheless, the huge genetic heterogeneity of HCC
and the lack of reliable biomarkers for stratification are at the basis of immune escape in
certain subgroups of patients, such as those presenting with β-catenin mutations [134].

The GM plays an important role in shaping the liver microenvironment and suppress-
ing antitumor immunity, favoring HCC progression in several preclinical models [135].
Below, we summarize the most recent articles reporting the alterations of the GM in HCC
patients undergoing immunotherapy, as well as the last research efforts focused on the
modulation of the GM as a new therapeutic strategy for combined and tailored treatments.

Influence of the Gut Microbiome and Its Modulation on Response to Immunotherapy in HCC

Over the past decade, immunotherapy has achieved great success against several
metastatic solid malignancies and has also gained approval for HCC treatment in the
first line [136]. Despite its impressive efficacy, immunotherapy induces sustained clinical
responses in a minority of cancer patients. An outstanding study demonstrated that an
altered GM, as well as antibiotic treatment, can jeopardize ICI response in patients with
epithelial tumors [137]. As proof of principle, the authors showed that FMT from respon-
der patients into germ-free mice improved the antitumor effects of anti-PD-1 monoclonal
antibodies. Moreover, A. muciniphila was significantly associated with a favorable clinical
outcome and was enriched in patients with longer progression-free survival (PFS); its sup-
plementation restored anti-PD-1 blockade in mice subjected to FMT from non-responder
patients. Mechanistically, A. muciniphila induced the secretion of IL-12 by dendritic cells,
increasing the recruitment of CCR9+CXCR3+CD4+ T cells into mouse tumors. Interestingly,
an observational study in patients with advanced digestive tract cancers (HCC, colorec-
tal, and gastric cancers) undergoing combined immunotherapy–antiangiogenic treatment
reported a direct correlation between probiotic supplementation and a higher ORR or
prolonged PFS, supporting the hypothesis that the gut microbiome may play a key role in
the response to immunotherapy [138]. Because the study did not specify the composition
of probiotics, to determine which probiotic strains contribute synergistically to the ICIs
response, specific treatment information needs further investigations. In the context of
co-medications, a retrospective study in advanced HCC patients receiving ICIs (nivolumab,
pembrolizumab, or ipilimumab) showed that concurrent antibiotic use was associated with
higher cancer-related and all-cause mortality [139]. In contrast, a large international cohort
study (Europe, North America and Asia) reported a positive effect of early antibiotic expo-
sure (−30 and +30 days from ICIs) on PFS in HCC patients receiving ICIs after one first-line
treatment [140]. In patients receiving anti-PD-1/PD-L1 monotherapy, co-medication with
antibiotics was also associated with a higher disease control rate. Because of contrasting
findings showing detrimental effects of antibiotics not only in the ICI group, but also in
the TKI and placebo groups [141], the evaluation of the microbiological determinants of
response to ICIs in HCC warrants further investigation.

Regarding the influence of the GM on ICI response in patients with hepatobiliary
cancers (unresectable HCC and advanced biliary tract cancers that have progressed from
first-line chemotherapy), Mao et al. reported the enrichment of several taxa in respon-
ders [142]. Among these, Lachnospiraceae bacterium-GAM79 and Alistipes sp Marseille-P5997
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were significantly enriched in the group that achieved clinical benefit in terms of prolonged
OS and PFS. Although the results reported in this pioneering study are interesting, the
heterogeneity of the patient cohort in terms of cancer types will probably make it difficult
to compare them with other studies.

With specific regard to HCC, Lee et al. highlighted the association of fecal microbiome
and BAs with ICI treatment outcomes [143]. In particular, Prevotella 9 was depleted in
patients with objective response (OR), whereas Lachnoclostridium, Lachnospiraceae, and
Veillonella were enriched. Ursodeoxycholic acid and ursocholic acid were also enriched
in the feces of patients with OR and positively correlated with Lachnoclostridium. The
strength of this study lies in the presence of a validation cohort in which the coexistence of
Lachnoclostridium enrichment and Prevotella 9 depletion predicted a favorable outcome in
terms of both OS and PFS, highlighting the potential of the GM and related metabolites
as prognostic biomarkers in HCC patients undergoing immunotherapy. In line with
this, Zheng et al. reported the enrichment of a number of potentially beneficial taxa in
responders, including Lachnospiraceae, Ruminococcaceae, A. muciniphila, Lactobacillus species,
Bifidobacterium dentium, and Streptococcus thermophilus [144]. The limitation of this study
was the small sample size, including only eight sorafenib-progressor patients treated
with anti-PD-1 for metagenomics analysis. Similarly, Ponziani et al. reported interesting
findings regarding the dynamic changes of the GM and intestinal inflammation parameters
during ICI treatment cycles [145]. Specifically, they reported decreased basal levels of fecal
calprotectin and serum PD-L1 in patients with disease control, together with increased
proportions of Akkermansia and decreased proportions of Enterobacteriaceae. An opposite
temporal trend, namely an increase in calprotectin and a decrease in the ratio of Akkermansia
to Enterobacteriaceae (A/E), was detected at the time of patient discontinuation. Despite the
small sample size (11 patients treated with Tremelimumab and/or Durvalumab), this study
highlighted the promise of the GM, inflammation parameters, and serum metabolites as
possible prognostic biomarkers.

Interestingly, a multi-kingdom microbiome characterization, including bacteria and
fungi, as well as metabolites, showed that bacteria and metabolites, but not fungi, sig-
nificantly differed between patients with durable (>6–8 weeks) and non-durable clinical
benefit [146]. The model, including 18 bacterial taxa, predicted ICI clinical efficacy, whereas
two bacterial species (Actinomyces sp ICM47 and Senegalimassilia anaerobia) and one metabo-
lite (galanthaminone) showed prognostic value for survival in ICI-treated patients. In the
same context, a serum metabolite classifier demonstrated better predictive potential in
discriminating HCC patients who potentially benefited from immunotherapy than a gut
microbiome-based classifier [147]. This result may be explained by the fact that microbial
metabolites directly modulate key immunological processes that positively or negatively
influence liver cancer’s susceptibility to immunotherapy [148].

In the preclinical setting, the anticancer effect of A. muciniphila in combination with
an anti-PD-1 monoclonal antibody was assessed in a xenograft mouse model [149]. The
combined treatment showed a higher antitumor effect, mainly associated with an increase
in INF-γ-producing CD8+ T cells and a decrease in PD-L1 expression in the tumor, to-
gether with an increase in serum BA metabolites. However, it should be noted that the
xenograft model is likely not the best experimental tool due to the absence of the gut–
liver axis and the proper tumor microenvironment, making it difficult to extrapolate the
results regarding the mechanisms that influence the host immune response following
Akkermansia supplementation.

Analysis of the GM is expected to provide a huge amount of data on its association with
treatment outcomes in the foreseeable future. Once its role is clarified, further efforts and
preclinical investigations are expected to develop and test microbiome-based therapeutic



Cells 2025, 14, 84 21 of 30

interventions, e.g., based on probiotics or postbiotics, to boost the efficacy of, or overcome
the resistance to, immunotherapy-based approaches for advanced HCC.

5. Conclusions and Future Perspectives
In the first part of this review, we discussed the impact of a variety of host metadata,

including diet composition, lifestyle, medications (e.g., antibiotics and statins), and comor-
bidities (e.g., diabetes, obesity), on the GM in patients with NAFLD, chronic liver diseases,
and HCC. A future challenge will be the reproducibility of studies, which may affect the
discovery of diagnostic and prognostic signatures based on omics profiling of GM and
derived metabolites. Longitudinal sampling [150] and adequate control groups are needed
to compare different studies and to strengthen associations between microbial signatures
and disease progression, thereby enhancing hypothesis-driven microbiome research in
chronic liver diseases.

In the second part, we reported clinical studies describing the presence of associations
between specific intestinal bacterial species and/or microbial-derived metabolites in ICIs
responder HCCs. In this context, studies in larger patient cohorts are necessary to better
define the influence of GM on immunotherapy response, whereas preclinical studies will
help provide mechanistic insights, including how the GM reshapes the tumor microenvi-
ronment, boosting the immune response and jeopardizing immune evasion of HCC cells.
In this regard, some evidence has suggested the involvement of A. muciniphila in several
contexts such as NAFLD/NASH progression, HCC development, and immunotherapy
response, and has shown the antitumor effects of its restoration in HCC animal models
(Figure 4). Further functional studies are needed to better understand the bidirectional and
dynamic interactions between human liver cells, microbes, and their metabolites, which
directly and/or indirectly impact the metabolism and energy status of hepatocytes, as well
as the inflammatory milieu through the activation of stroma and immune cell subtypes.

All these aspects will hopefully lead to the design of focused clinical trials to test
microbiome-tailored strategies, such as prebiotics, (traditional or next-generation) probi-
otics, synbiotics, postbiotics, and other strategies (e.g., FMT or ad hoc synthetic consortia)
aimed at modulating and restoring the GM to treat CLD and prevent its progression. How-
ever, it is important to note that many challenges remain in the development of precision
GM modulation strategies, such as GM and host variability, potential risks of live microbial
supplementation, and the difficulty of standardizing GM-based interventions in a clinical
setting. In particular, microbiome-associated confounding factors, such as age, gender,
ethnicity, lifestyle, geographic location, and/or the exposome in general [38], should be
taken into account, as they may lead to differential treatment responses. Furthermore, it
has been shown that, if not tailored, probiotic interventions may not only be ineffective,
but also not entirely risk-free [151]. Similarly, safety concerns (including the potential
risk of transmission of enteric multidrug-resistant organisms) have been highlighted for
FMT [152], driving research towards the design of artificial (and controlled) consortia or
even postbiotics to directly deliver the molecular actors of interest in the specific context.
Despite such challenges, the evidence describes how the effectiveness of probiotic strains
might not rely on colonizing the gastrointestinal tract, but rather reside in their capacity of
sharing genes and secreting metabolites, restoring the growth of commensal bacteria [153].
In this regard, potential risks of probiotic supplementation should also be considered,
as they can produce deleterious metabolites and transfer antibiotic resistance genes in
commensals or potential pathogens, leading to dysbiosis or overgrowth of certain taxa.
A further aspect to take into consideration when considering GM-based interventions in
the clinical setting is related to the basal variability in GM across individuals and distinct
geographic regions. The responses to the same probiotic may considerably differ due to
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variabilities such as host genetics, diet, and endogenous GM composition, suggesting that
the basal GM of each person influences the response to different probiotic strains [154].
In patients with CLD, this aspect will be worsened even further by disease-associated
dysbiosis, complicating the standardization of GM-based interventions.
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Figure 4. Akkermansia muciniphila reduces HCC progression and improves ICI treatment response
in HCC patients and mouse models. ALT: alanine transaminase; AST: aspartate transferase; TGF-
β: transforming growth factor β; Col1a1: Collagen type I alpha 1 chain; Mcp1: Monocyte chemoat-
tractant protein-1; Tlr4: Toll-like receptor 4; NEMO∆hepa: steatohepatitis-HCC mouse model with
NEMO gene deletion; ICI: immune checkpoint inhibitors; PD-L1: programmed cell death ligand 1;
INF-γ: interferon γ; BAs: bile acids; PD1: programmed cell death protein 1. Numbers preceded by
“#” indicate the reference article.
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Wasilewicz, M.; et al. Profile of Gut Microbiota Associated With the Presence of Hepatocellular Cancer in Patients With Liver
Cirrhosis. Transplant. Proc. 2016, 48, 1687–1691. [CrossRef]

41. Pallozzi, M.; De Gaetano, V.; Di Tommaso, N.; Cerrito, L.; Santopaolo, F.; Stella, L.; Gasbarrini, A.; Ponziani, F.R. Role of Gut
Microbial Metabolites in the Pathogenesis of Primary Liver Cancers. Nutrients 2024, 16, 2372. [CrossRef]

42. Canfora, E.E.; Meex, R.C.R.; Venema, K.; Blaak, E.E. Gut Microbial Metabolites in Obesity, NAFLD and T2DM. Nat. Rev. Endocrinol.
2019, 15, 261–273. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jhep.2019.08.016
https://www.ncbi.nlm.nih.gov/pubmed/31954488
https://doi.org/10.1016/j.ccr.2012.02.007
https://www.ncbi.nlm.nih.gov/pubmed/22516259
https://doi.org/10.1002/ptr.7434
https://www.ncbi.nlm.nih.gov/pubmed/35229912
https://doi.org/10.1016/j.jhep.2012.06.011
https://doi.org/10.1038/s41564-024-01890-9
https://doi.org/10.1016/j.lfs.2018.08.017
https://doi.org/10.1096/fj.202400573RR
https://doi.org/10.1016/j.jhep.2017.12.025
https://doi.org/10.1016/j.humimm.2024.111188
https://doi.org/10.1038/s12276-023-01050-9
https://www.ncbi.nlm.nih.gov/pubmed/37430087
https://doi.org/10.1136/gutjnl-2017-315084
https://doi.org/10.1136/gutjnl-2015-309800
https://www.ncbi.nlm.nih.gov/pubmed/26408641
https://doi.org/10.1002/hep.30036
https://doi.org/10.1038/s41467-020-20422-7
https://doi.org/10.1097/HC9.0000000000000182
https://doi.org/10.1038/s41586-020-2881-9
https://doi.org/10.1038/ncomms7528
https://doi.org/10.1016/j.transproceed.2016.01.077
https://doi.org/10.3390/nu16142372
https://doi.org/10.1038/s41574-019-0156-z
https://www.ncbi.nlm.nih.gov/pubmed/30670819


Cells 2025, 14, 84 25 of 30

43. Caussy, C.; Hsu, C.; Lo, M.-T.; Liu, A.; Bettencourt, R.; Ajmera, V.H.; Bassirian, S.; Hooker, J.; Sy, E.; Richards, L.; et al. Link
between Gut-Microbiome Derived Metabolite and Shared Gene-Effects with Hepatic Steatosis and Fibrosis in NAFLD. Hepatology
2018, 68, 918–932. [CrossRef]

44. Sanchez, J.I.; Fontillas, A.C.; Kwan, S.-Y.; Sanchez, C.I.; Calderone, T.L.; Lee, J.L.; Elsaiey, A.; Cleere, D.W.; Wei, P.; Vierling, J.M.;
et al. Metabolomics Biomarkers of Hepatocellular Carcinoma in a Prospective Cohort of Patients with Cirrhosis. JHEP Rep. Innov.
Hepatol. 2024, 6, 101119. [CrossRef] [PubMed]

45. Li, X.; Yi, Y.; Wu, T.; Chen, N.; Gu, X.; Xiang, L.; Jiang, Z.; Li, J.; Jin, H. Integrated Microbiome and Metabolome Analysis Reveals
the Interaction between Intestinal Flora and Serum Metabolites as Potential Biomarkers in Hepatocellular Carcinoma Patients.
Front. Cell. Infect. Microbiol. 2023, 13, 1170748. [CrossRef] [PubMed]

46. Mann, E.R.; Lam, Y.K.; Uhlig, H.H. Short-Chain Fatty Acids: Linking Diet, the Microbiome and Immunity. Nat. Rev. Immunol.
2024, 24, 577–595. [CrossRef]

47. Che, Y.; Chen, G.; Guo, Q.; Duan, Y.; Feng, H.; Xia, Q. Gut Microbial Metabolite Butyrate Improves Anticancer Therapy by
Regulating Intracellular Calcium Homeostasis. Hepatology 2023, 78, 88–102. [CrossRef] [PubMed]

48. Hu, C.; Xu, B.; Wang, X.; Wan, W.-H.; Lu, J.; Kong, D.; Jin, Y.; You, W.; Sun, H.; Mu, X.; et al. Gut Microbiota-Derived Short-Chain
Fatty Acids Regulate Group 3 Innate Lymphoid Cells in HCC. Hepatology 2023, 77, 48–64. [CrossRef]

49. Ma, H.; Yang, L.; Liang, Y.; Liu, F.; Hu, J.; Zhang, R.; Li, Y.; Yuan, L.; Feng, F.B. Thetaiotaomicron-Derived Acetic Acid Modulate
Immune Microenvironment and Tumor Growth in Hepatocellular Carcinoma. Gut Microbes 2024, 16, 2297846. [CrossRef]

50. Zhou, P.; Chang, W.-Y.; Gong, D.-A.; Xia, J.; Chen, W.; Huang, L.-Y.; Liu, R.; Liu, Y.; Chen, C.; Wang, K.; et al. High Dietary
Fructose Promotes Hepatocellular Carcinoma Progression by Enhancing O-GlcNAcylation via Microbiota-Derived Acetate. Cell
Metab. 2023, 35, 1961–1975.e6. [CrossRef]

51. Sun, J.; Chen, S.; Zang, D.; Sun, H.; Sun, Y.; Chen, J. Butyrate as a Promising Therapeutic Target in Cancer: From Pathogenesis to
Clinic (Review). Int. J. Oncol. 2024, 64, 44. [CrossRef] [PubMed]

52. Wahlström, A.; Sayin, S.I.; Marschall, H.-U.; Bäckhed, F. Intestinal Crosstalk between Bile Acids and Microbiota and Its Impact on
Host Metabolism. Cell Metab. 2016, 24, 41–50. [CrossRef] [PubMed]

53. Jia, W.; Xie, G.; Jia, W. Bile Acid-Microbiota Crosstalk in Gastrointestinal Inflammation and Carcinogenesis. Nat. Rev. Gastroenterol.
Hepatol. 2018, 15, 111–128. [CrossRef]

54. Fuchs, C.D.; Simbrunner, B.; Baumgartner, M.; Campbell, C.; Reiberger, T.; Trauner, M. Bile Acid Metabolism and Signalling in
Liver Disease. J. Hepatol. 2025, 82, 134–153. [CrossRef] [PubMed]

55. Collins, S.L.; Stine, J.G.; Bisanz, J.E.; Okafor, C.D.; Patterson, A.D. Bile Acids and the Gut Microbiota: Metabolic Interactions and
Impacts on Disease. Nat. Rev. Microbiol. 2023, 21, 236–247. [CrossRef] [PubMed]

56. Song, Y.; Lau, H.C.; Zhang, X.; Yu, J. Bile Acids, Gut Microbiota, and Therapeutic Insights in Hepatocellular Carcinoma. Cancer
Biol. Med. 2023, 21, 144–162. [CrossRef] [PubMed]

57. Smirnova, E.; Muthiah, M.D.; Narayan, N.; Siddiqui, M.S.; Puri, P.; Luketic, V.A.; Contos, M.J.; Idowu, M.; Chuang, J.-C.; Billin,
A.N.; et al. Metabolic Reprogramming of the Intestinal Microbiome with Functional Bile Acid Changes Underlie the Development
of NAFLD. Hepatology 2022, 76, 1811–1824. [CrossRef] [PubMed]

58. Yoshimoto, S.; Loo, T.M.; Atarashi, K.; Kanda, H.; Sato, S.; Oyadomari, S.; Iwakura, Y.; Oshima, K.; Morita, H.; Hattori, M.; et al.
Obesity-Induced Gut Microbial Metabolite Promotes Liver Cancer through Senescence Secretome. Nature 2013, 499, 97–101.
[CrossRef]

59. Yamada, S.; Takashina, Y.; Watanabe, M.; Nagamine, R.; Saito, Y.; Kamada, N.; Saito, H. Bile Acid Metabolism Regulated by
the Gut Microbiota Promotes Non-Alcoholic Steatohepatitis-Associated Hepatocellular Carcinoma in Mice. Oncotarget 2018, 9,
9925–9939. [CrossRef]

60. Ma, C.; Han, M.; Heinrich, B.; Fu, Q.; Zhang, Q.; Sandhu, M.; Agdashian, D.; Terabe, M.; Berzofsky, J.A.; Fako, V.; et al. Gut
Microbiome-Mediated Bile Acid Metabolism Regulates Liver Cancer via NKT Cells. Science 2018, 360, eaan5931. [CrossRef]
[PubMed]

61. Conde de la Rosa, L.; Garcia-Ruiz, C.; Vallejo, C.; Baulies, A.; Nuñez, S.; Monte, M.J.; Marin, J.J.G.; Baila-Rueda, L.; Cenarro, A.;
Civeira, F.; et al. STARD1 Promotes NASH-Driven HCC by Sustaining the Generation of Bile Acids through the Alternative
Mitochondrial Pathway. J. Hepatol. 2021, 74, 1429–1441. [CrossRef] [PubMed]

62. Larabi, A.B.; Masson, H.L.P.; Bäumler, A.J. Bile Acids as Modulators of Gut Microbiota Composition and Function. Gut Microbes
2023, 15, 2172671. [CrossRef]

63. Younossi, Z.; Anstee, Q.M.; Marietti, M.; Hardy, T.; Henry, L.; Eslam, M.; George, J.; Bugianesi, E. Global Burden of NAFLD and
NASH: Trends, Predictions, Risk Factors and Prevention. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 11–20. [CrossRef] [PubMed]

64. Michelotti, G.A.; Machado, M.V.; Diehl, A.M. NAFLD, NASH and Liver Cancer. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 656–665.
[CrossRef] [PubMed]

65. Tilg, H.; Moschen, A.R.; Roden, M. NAFLD and Diabetes Mellitus. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 32–42. [CrossRef]

https://doi.org/10.1002/hep.29892
https://doi.org/10.1016/j.jhepr.2024.101119
https://www.ncbi.nlm.nih.gov/pubmed/39139459
https://doi.org/10.3389/fcimb.2023.1170748
https://www.ncbi.nlm.nih.gov/pubmed/37260707
https://doi.org/10.1038/s41577-024-01014-8
https://doi.org/10.1097/HEP.0000000000000047
https://www.ncbi.nlm.nih.gov/pubmed/36947402
https://doi.org/10.1002/hep.32449
https://doi.org/10.1080/19490976.2023.2297846
https://doi.org/10.1016/j.cmet.2023.09.009
https://doi.org/10.3892/ijo.2024.5632
https://www.ncbi.nlm.nih.gov/pubmed/38426581
https://doi.org/10.1016/j.cmet.2016.05.005
https://www.ncbi.nlm.nih.gov/pubmed/27320064
https://doi.org/10.1038/nrgastro.2017.119
https://doi.org/10.1016/j.jhep.2024.09.032
https://www.ncbi.nlm.nih.gov/pubmed/39349254
https://doi.org/10.1038/s41579-022-00805-x
https://www.ncbi.nlm.nih.gov/pubmed/36253479
https://doi.org/10.20892/j.issn.2095-3941.2023.0394
https://www.ncbi.nlm.nih.gov/pubmed/38148326
https://doi.org/10.1002/hep.32568
https://www.ncbi.nlm.nih.gov/pubmed/35561146
https://doi.org/10.1038/nature12347
https://doi.org/10.18632/oncotarget.24066
https://doi.org/10.1126/science.aan5931
https://www.ncbi.nlm.nih.gov/pubmed/29798856
https://doi.org/10.1016/j.jhep.2021.01.028
https://www.ncbi.nlm.nih.gov/pubmed/33515644
https://doi.org/10.1080/19490976.2023.2172671
https://doi.org/10.1038/nrgastro.2017.109
https://www.ncbi.nlm.nih.gov/pubmed/28930295
https://doi.org/10.1038/nrgastro.2013.183
https://www.ncbi.nlm.nih.gov/pubmed/24080776
https://doi.org/10.1038/nrgastro.2016.147


Cells 2025, 14, 84 26 of 30

66. Eslam, M.; Sanyal, A.J.; George, J.; Sanyal, A.; Neuschwander-Tetri, B.; Tiribelli, C.; Kleiner, D.E.; Brunt, E.; Bugianesi, E.;
Yki-Järvinen, H.; et al. MAFLD: A Consensus-Driven Proposed Nomenclature for Metabolic Associated Fatty Liver Disease.
Gastroenterology 2020, 158, 1999–2014.e1. [CrossRef]

67. Younossi, Z.M.; Golabi, P.; Paik, J.M.; Henry, A.; Van Dongen, C.; Henry, L. The Global Epidemiology of Nonalcoholic Fatty Liver
Disease (NAFLD) and Nonalcoholic Steatohepatitis (NASH): A Systematic Review. Hepatology 2023, 77, 1335–1347. [CrossRef]
[PubMed]

68. Adams, L.A.; Lymp, J.F.; St Sauver, J.; Sanderson, S.O.; Lindor, K.D.; Feldstein, A.; Angulo, P. The Natural History of Nonalcoholic
Fatty Liver Disease: A Population-Based Cohort Study. Gastroenterology 2005, 129, 113–121. [CrossRef] [PubMed]

69. Buzzetti, E.; Pinzani, M.; Tsochatzis, E.A. The Multiple-Hit Pathogenesis of Non-Alcoholic Fatty Liver Disease (NAFLD).
Metabolism 2016, 65, 1038–1048. [CrossRef] [PubMed]

70. McPherson, S.; Hardy, T.; Henderson, E.; Burt, A.D.; Day, C.P.; Anstee, Q.M. Evidence of NAFLD Progression from Steatosis
to Fibrosing-Steatohepatitis Using Paired Biopsies: Implications for Prognosis and Clinical Management. J. Hepatol. 2015, 62,
1148–1155. [CrossRef] [PubMed]

71. Ekstedt, M.; Hagström, H.; Nasr, P.; Fredrikson, M.; Stål, P.; Kechagias, S.; Hultcrantz, R. Fibrosis Stage Is the Strongest Predictor
for Disease-Specific Mortality in NAFLD after up to 33 Years of Follow-Up. Hepatology 2015, 61, 1547–1554. [CrossRef]

72. White, D.L.; Kanwal, F.; El-Serag, H.B. Association between Nonalcoholic Fatty Liver Disease and Risk for Hepatocellular Cancer,
Based on Systematic Review. Clin. Gastroenterol. Hepatol. Off. Clin. Pract. J. Am. Gastroenterol. Assoc. 2012, 10, 1342–1359.e2.
[CrossRef] [PubMed]

73. Kanwal, F.; Kramer, J.R.; Mapakshi, S.; Natarajan, Y.; Chayanupatkul, M.; Richardson, P.A.; Li, L.; Desiderio, R.; Thrift, A.P.;
Asch, S.M.; et al. Risk of Hepatocellular Cancer in Patients With Non-Alcoholic Fatty Liver Disease. Gastroenterology 2018, 155,
1828–1837.e2. [CrossRef]

74. Kanwal, F.; Kramer, J.R.; Li, L.; Dai, J.; Natarajan, Y.; Yu, X.; Asch, S.M.; El-Serag, H.B. Effect of Metabolic Traits on the Risk of
Cirrhosis and Hepatocellular Cancer in Nonalcoholic Fatty Liver Disease. Hepatology 2020, 71, 808–819. [CrossRef] [PubMed]

75. Piscaglia, F.; Svegliati-Baroni, G.; Barchetti, A.; Pecorelli, A.; Marinelli, S.; Tiribelli, C.; Bellentani, S.; HCC-NAFLD Italian Study
Group. Clinical Patterns of Hepatocellular Carcinoma in Nonalcoholic Fatty Liver Disease: A Multicenter Prospective Study.
Hepatology 2016, 63, 827–838. [CrossRef] [PubMed]

76. Motta, B.M.; Masarone, M.; Torre, P.; Persico, M. From Non-Alcoholic Steatohepatitis (NASH) to Hepatocellular Carcinoma
(HCC): Epidemiology, Incidence, Predictions, Risk Factors, and Prevention. Cancers 2023, 15, 5458. [CrossRef]

77. Miyamoto, Y.; Kikuta, J.; Matsui, T.; Hasegawa, T.; Fujii, K.; Okuzaki, D.; Liu, Y.-C.; Yoshioka, T.; Seno, S.; Motooka, D.; et al.
Periportal Macrophages Protect against Commensal-Driven Liver Inflammation. Nature 2024, 629, 901–909. [CrossRef]

78. Stols-Gonçalves, D.; Mak, A.L.; Madsen, M.S.; van der Vossen, E.W.J.; Bruinstroop, E.; Henneman, P.; Mol, F.; Scheithauer, T.P.M.;
Smits, L.; Witjes, J.; et al. Faecal Microbiota Transplantation Affects Liver DNA Methylation in Non-Alcoholic Fatty Liver Disease:
A Multi-Omics Approach. Gut Microbes 2023, 15, 2223330. [CrossRef] [PubMed]

79. Pirola, C.J.; Salatino, A.; Quintanilla, M.F.; Castaño, G.O.; Garaycoechea, M.; Sookoian, S. The Influence of Host Genetics on Liver
Microbiome Composition in Patients with NAFLD. EBioMedicine 2022, 76, 103858. [CrossRef] [PubMed]

80. Juárez-Fernández, M.; Goikoetxea-Usandizaga, N.; Porras, D.; García-Mediavilla, M.V.; Bravo, M.; Serrano-Maciá, M.; Simón, J.;
Delgado, T.C.; Lachiondo-Ortega, S.; Martínez-Flórez, S.; et al. Enhanced Mitochondrial Activity Reshapes a Gut Microbiota
Profile That Delays NASH Progression. Hepatology 2023, 77, 1654–1669. [CrossRef] [PubMed]

81. Huang, F.; Lyu, B.; Xie, F.; Li, F.; Xing, Y.; Han, Z.; Lai, J.; Ma, J.; Zou, Y.; Zeng, H.; et al. From Gut to Liver: Unveiling the
Differences of Intestinal Microbiota in NAFL and NASH Patients. Front. Microbiol. 2024, 15, 1366744. [CrossRef] [PubMed]

82. Senghor, B.; Sokhna, C.; Ruimy, R.; Lagier, J.-C. Gut Microbiota Diversity According to Dietary Habits and Geographical
Provenance. Hum. Microbiome J. 2018, 7–8, 1–9. [CrossRef]

83. He, Y.; Wu, W.; Zheng, H.-M.; Li, P.; McDonald, D.; Sheng, H.-F.; Chen, M.-X.; Chen, Z.-H.; Ji, G.-Y.; Zheng, Z.-D.-X.; et al. Regional
Variation Limits Applications of Healthy Gut Microbiome Reference Ranges and Disease Models. Nat. Med. 2018, 24, 1532–1535.
[CrossRef]

84. Costello, E.K.; Stagaman, K.; Dethlefsen, L.; Bohannan, B.J.M.; Relman, D.A. The Application of Ecological Theory toward an
Understanding of the Human Microbiome. Science 2012, 336, 1255–1262. [CrossRef] [PubMed]

85. Astbury, S.; Atallah, E.; Vijay, A.; Aithal, G.P.; Grove, J.I.; Valdes, A.M. Lower Gut Microbiome Diversity and Higher Abundance
of Proinflammatory Genus Collinsella Are Associated with Biopsy-Proven Nonalcoholic Steatohepatitis. Gut Microbes 2020, 11,
569–580. [CrossRef]

86. Saga, K.; Iwashita, Y.; Hidano, S.; Aso, Y.; Isaka, K.; Kido, Y.; Tada, K.; Takayama, H.; Masuda, T.; Hirashita, T.; et al. Secondary
Unconjugated Bile Acids Induce Hepatic Stellate Cell Activation. Int. J. Mol. Sci. 2018, 19, 3043. [CrossRef]

87. Sousa, T.; Castro, R.E.; Pinto, S.N.; Coutinho, A.; Lucas, S.D.; Moreira, R.; Rodrigues, C.M.P.; Prieto, M.; Fernandes, F. Deoxycholic
Acid Modulates Cell Death Signaling through Changes in Mitochondrial Membrane Properties. J. Lipid Res. 2015, 56, 2158–2171.
[CrossRef] [PubMed]

https://doi.org/10.1053/j.gastro.2019.11.312
https://doi.org/10.1097/HEP.0000000000000004
https://www.ncbi.nlm.nih.gov/pubmed/36626630
https://doi.org/10.1053/j.gastro.2005.04.014
https://www.ncbi.nlm.nih.gov/pubmed/16012941
https://doi.org/10.1016/j.metabol.2015.12.012
https://www.ncbi.nlm.nih.gov/pubmed/26823198
https://doi.org/10.1016/j.jhep.2014.11.034
https://www.ncbi.nlm.nih.gov/pubmed/25477264
https://doi.org/10.1002/hep.27368
https://doi.org/10.1016/j.cgh.2012.10.001
https://www.ncbi.nlm.nih.gov/pubmed/23041539
https://doi.org/10.1053/j.gastro.2018.08.024
https://doi.org/10.1002/hep.31014
https://www.ncbi.nlm.nih.gov/pubmed/31675427
https://doi.org/10.1002/hep.28368
https://www.ncbi.nlm.nih.gov/pubmed/26599351
https://doi.org/10.3390/cancers15225458
https://doi.org/10.1038/s41586-024-07372-6
https://doi.org/10.1080/19490976.2023.2223330
https://www.ncbi.nlm.nih.gov/pubmed/37317027
https://doi.org/10.1016/j.ebiom.2022.103858
https://www.ncbi.nlm.nih.gov/pubmed/35092912
https://doi.org/10.1002/hep.32705
https://www.ncbi.nlm.nih.gov/pubmed/35921199
https://doi.org/10.3389/fmicb.2024.1366744
https://www.ncbi.nlm.nih.gov/pubmed/38638907
https://doi.org/10.1016/j.humic.2018.01.001
https://doi.org/10.1038/s41591-018-0164-x
https://doi.org/10.1126/science.1224203
https://www.ncbi.nlm.nih.gov/pubmed/22674335
https://doi.org/10.1080/19490976.2019.1681861
https://doi.org/10.3390/ijms19103043
https://doi.org/10.1194/jlr.M062653
https://www.ncbi.nlm.nih.gov/pubmed/26351365


Cells 2025, 14, 84 27 of 30

88. Kenneally, S.; Sier, J.H.; Moore, J.B. Efficacy of Dietary and Physical Activity Intervention in Non-Alcoholic Fatty Liver Disease: A
Systematic Review. BMJ Open Gastroenterol. 2017, 4, e000139. [CrossRef] [PubMed]

89. Mazidi, M.; Kengne, A.P. Higher Adherence to Plant-Based Diets Are Associated with Lower Likelihood of Fatty Liver. Clin. Nutr.
Edinb. Scotl. 2019, 38, 1672–1677. [CrossRef]

90. Harrison, S.A.; Taub, R.; Neff, G.W.; Lucas, K.J.; Labriola, D.; Moussa, S.E.; Alkhouri, N.; Bashir, M.R. Resmetirom for Nonalcoholic
Fatty Liver Disease: A Randomized, Double-Blind, Placebo-Controlled Phase 3 Trial. Nat. Med. 2023, 29, 2919–2928. [CrossRef]

91. Harrison, S.A.; Bedossa, P.; Guy, C.D.; Schattenberg, J.M.; Loomba, R.; Taub, R.; Labriola, D.; Moussa, S.E.; Neff, G.W.; Rinella,
M.E.; et al. A Phase 3, Randomized, Controlled Trial of Resmetirom in NASH with Liver Fibrosis. N. Engl. J. Med. 2024, 390,
497–509. [CrossRef] [PubMed]

92. Chalasani, N.; Younossi, Z.; Lavine, J.E.; Diehl, A.M.; Brunt, E.M.; Cusi, K.; Charlton, M.; Sanyal, A.J.; American Gastroenterologi-
cal Association; American Association for the Study of Liver Diseases; et al. The Diagnosis and Management of Non-Alcoholic
Fatty Liver Disease: Practice Guideline by the American Gastroenterological Association, American Association for the Study of
Liver Diseases, and American College of Gastroenterology. Gastroenterology 2012, 142, 1592–1609. [CrossRef]

93. European Association for the Study of the Liver (EASL); European Association for the Study of Diabetes (EASD); European
Association for the Study of Obesity (EASO). EASL–EASD–EASO Clinical Practice Guidelines for the Management of Non-
Alcoholic Fatty Liver Disease. Diabetologia 2016, 59, 1121–1140. [CrossRef]

94. Promrat, K.; Kleiner, D.E.; Niemeier, H.M.; Jackvony, E.; Kearns, M.; Wands, J.R.; Fava, J.L.; Wing, R.R. Randomized Controlled
Trial Testing the Effects of Weight Loss on Nonalcoholic Steatohepatitis. Hepatology 2010, 51, 121–129. [CrossRef]

95. Cheng, S.; Ge, J.; Zhao, C.; Le, S.; Yang, Y.; Ke, D.; Wu, N.; Tan, X.; Zhang, X.; Du, X.; et al. Effect of Aerobic Exercise and Diet
on Liver Fat in Pre-Diabetic Patients with Non-Alcoholic-Fatty-Liver-Disease: A Randomized Controlled Trial. Sci. Rep. 2017,
7, 15952. [CrossRef] [PubMed]

96. Cheng, R.; Wang, L.; Le, S.; Yang, Y.; Zhao, C.; Zhang, X.; Yang, X.; Xu, T.; Xu, L.; Wiklund, P.; et al. A Randomized Controlled
Trial for Response of Microbiome Network to Exercise and Diet Intervention in Patients with Nonalcoholic Fatty Liver Disease.
Nat. Commun. 2022, 13, 2555. [CrossRef] [PubMed]

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