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Abstract: Background: Liver cancer, particularly hepatocellular carcinoma (HCC), is a significant
gastrointestinal disease with a mortality rate as high as nearly 80% within five years. The disease’s
pathophysiology involves deranged immune responses and bile acid metabolism, with the gut
microbiota (GM) playing a crucial role. Recent research highlights the potential of GM in influencing
HCC treatment outcomes, especially regarding immune checkpoint inhibitors (ICIs). However, few
patients currently benefit from ICIs due to a lack of effective response biomarkers. Aims and methods:
This review aimed to explore the literature on HCC treatment issues, focusing on immune response,
bile acid metabolism, and GM dysbiosis. This review included studies from PubMed, Medline, and
major gastroenterology and hepatology meetings, using keywords like gut microbiota, immune
system, liver cancer, and checkpoint inhibitors. Results: GM dysbiosis significantly impacts immune
response and bile acid metabolism, making it a promising biomarker for ICI response. Modulating
GM can enhance ICI treatment efficacy, although more research is needed to confirm its direct
therapeutic benefits for HCC. Conclusions: GM dysbiosis is integral to liver cancer pathogenesis
and treatment response. Its modulation offers promising therapeutic avenues for improving HCC
prognosis and response to immunotherapy.

Keywords: gut microbiota; immune system; liver cancer; hepatocellular carcinoma; checkpoint
inhibitors

1. Introduction

Liver cancer is the second most frequent gastrointestinal cancer for mortality (with
830,180 related deaths worldwide in 2020) [1]. The most common type of primary liver
cancer is hepatocellular carcinoma (HCC), which accounts for almost 90% of the cases.
According to GLOBOCAN, HCC represents the fourth leading cause of cancer-related
death, with a five-year survival rate of 18% for patients in an advanced stage [2].

HCC usually stems from chronic liver disorders, such as liver cirrhosis of both viral
and non-viral origin [3]. The latter origin is vastly represented by metabolic-dysfunction-
associated steatotic liver disease (MASLD) and, to a lesser extent, by autoimmune and
primary liver diseases (namely, primitive biliary cholangiopathies and sclerosing cholan-
gitis). A peculiarity of MASLD is its capability to develop HCC during its intermediate
stage, namely metabolic-dysfunction-associated steatohepatitis (MASH) [4]. Thus, MASH
patients’ surveillance is a critical step in patient management. HCC pathophysiology is
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complex: there is only limited knowledge about genome mutations in the frame of its patho-
physiology. In fact, it involves direct liver damage by viruses, fat deposition, inflammation,
oxidative stress, and alcohol, leading to a leaky gut with the passage of gut dysbiosis
antigens and metabolites [5]. The subsequent chronic liver inflammation leads to fibrosis
deposition until the onset of cirrhosis. Within this environment, the accumulation of genetic
and epigenetic alterations over time results in HCC development. Interestingly, the role
of the tumor immune microenvironment, characterized by “tolerance” towards mutating
cells, has paved the way for the potential use of immunotherapy in clinical settings [6].

Indeed, early stages of HCC (according to the Barcelona Clinic Liver Cancer (BCLC)
classification) benefit from curative orthotopic liver transplantation and/or surgical resec-
tion [7]. However, a high percentage of HCC patients are not eligible for these treatments,
due to organ shortage and, most commonly, due to the advanced stage of the cancer, per-
haps in a context of deranged chronic liver disease [8]. Therefore, percutaneous ablative
therapies (namely, radiofrequency ablation and microwave ablation) are considered the first
treatment approach in early and very early HCC stages. Their benefits include a survival
time similar to surgery/transplantation, less invasiveness, and lower costs [7,8]. Unfor-
tunately, they only have a local anti-tumor effect and do not control tumor burden [6–8].
Furthermore, the vast majority of HCC patients (almost 70%) are diagnosed in the interme-
diate (B) or advanced (C) stages and can be considered for transarterial/systemic treatments.
They can be considered non-curative or “palliative” [9]. Looking at systemic treatments,
the multikinase inhibitor sorafenib has been used as the first-line therapy for Child–Pugh A
liver cirrhosis and unresectable/metastatic HCC: survival time was about 3 months longer
than those of patients who received placebo [10]. Subsequently, Lenvatinib was approved as
an alternative to sorafenib because of its non-inferiority [7,8]. Multitarget tyrosine inhibitors
(namely regorafenib and cabozantinib) [11] and vascular endothelial growth factor (VEGF)
receptor inhibitors (ramucirumab) are single-agent second-line treatments for patients not
responding to sorafenib [11]. To date, the combination of atezolizumab/bevacizumab is
the standard first-line treatment for patients with advanced HCC [8,12]. In the milieu of the
tumor-deranged immune microenvironment, immune checkpoint inhibitors (ICIs) have
emerged as alternatives for patients with adequate performance status. Specifically, in 2017,
the FDA approved nivolumab as an add-on treatment for patients failing to respond to
sorafenib. Subsequently, pembrolizumab was used. These molecules are programmed cell
death protein-1 (PD-1) inhibitors. More recently, the combination of ipilimumab (cytotoxic
T-lymphocyte-associated protein 4 inhibitor) and nivolumab has also been used. Over-
all, ICIs are superior to sorafenib in terms of overall survival (OS) and progression-free
survival [6–8]. However, the crude reality of data reminds clinicians and researchers that
almost 60% of HCC patients (10–20% for first-line and 10% for second-line) do not respond
to ICIs. Thus, we need effective biomarkers of treatment-response prediction.

Gut dysbiosis assessment via newer metagenomic techniques is an emerging item in
the field [13]. From a more general point of view, the criteria for predicting prognoses and
deciding treatment modalities for BCLC are not always in line with patients’ “personalized”
therapeutic approach. For this reason, several pieces of evidence from the recent literature
are in favor of a novel approach, namely “converse therapeutic hierarchy” [14]. The latter
consists of the “personalized” integration of advanced treatment modalities over previous
rigid hierarchic flow-chart running.

Thus, we aimed to review literature data on the definition and composition of gut
microbiota in a healthy state and during liver cancer, its interaction with the immune system
in HCC patients, and its potential role as a biomarker, highlighting its future therapeutic
implications.

2. Materials and Methods

We conducted a search on PubMed and Medline for original articles, reviews, meta-
analyses, and case series using the following keywords, their acronyms, and their associa-
tions: gut microbiota, immune system, liver cancer, hepatocellular carcinoma, checkpoint
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inhibitors. When appropriate, preliminary evidence from abstracts belonging to main
national and international hepatological and gastroenterological meetings (e.g., Italian
association for liver disease study, European association for the study of liver disease,
United European Gastroenterology Week, Digestive Disease Week) was also included. The
papers found from the above-mentioned sources were reviewed by two of the authors (E.S.
and L.A). The last Medline search was dated 30 April 2024.

3. Results
3.1. Current Medical and Therapeutic Umnet Needs in HCC Patients

Although the treatment paradigm of HCC has undergone a real revolution after
2017, the use of ICIs, alone or association with targeted ones, has encountered several
drawbacks. For example, HCC patients differ greatly from each other, only a few genetic
mutations are currently known, and there is a lack of effective biomarkers [15]. Regarding
druggable mutations, the main known ones are only TERT, CTNNB1 (WNT/β-catenin),
and TP53 [16]. Therefore, there are two main needs: screening for highly mutated and
druggable targets and drugging the existing targets that have been discovered with new
paths towards interfering mutated genes [16]. Indeed, promising results have opened
the way for an advancement in HCC treatment. In a preclinical study, silencing TERT
expression with antisense oligonucleotides led to the inhibition of tumor growth in cell
lines and animal models [17]. In addition, nonsteroidal anti-inflammatory agents like
celecoxib and sulindac can inhibit the WNT/β-catenin signaling pathway in HCC cell
lines [18]. The overexpression of wild-type AXIN1 is able to inhibit the proliferation of
HCC cells. Thus, it can induce and anticipate the programmed cell death of tumor cells [19].
In preclinical studies, salinomycin and NVP-TNKS656 have been successfully targeted by
the upstream molecules of the WNT/β-catenin signaling pathway [20]. Finally, ambitious
efforts to target the p53 pathway are underway [21]. PD-1, PD-L1, CD3, and CD8 are
considered as possessing predictive power on the response efficacy of ICIs. However,
PD-L1 has been found to not be a reliable biomarker [22]. In fact, nivolumab could retrieve
the treatment response irrespective of tumor PD-L1 expression [23]. However, the evidence
is heterogenous: in the KEYNOTE-224 trial, some patients responded to pembrolizumab
according to PD-L1 expression [24]. Reasons for such a variability in treatment-response
assessment can be explained by PDL1 expression. This is regulated by multiple path-
ways, such as the tumor cell life cycle, and also by the inflammatory response killing
the cancer cells within the tumor microenvironment. PD-L1 expression is one feature of
the last process [24]. Intriguingly and paradoxically, Pfister et al. showed that anti-PD-1
therapy promotes the progression of NASH-induced HCC. In detail, the treatment acti-
vated CD8+PD1+ T cells within the tumor and the number and size of tumor nodules
grew. Interestingly, this increase was prevented by either CD8+ T cell depletion or TNF
neutralization [25]. There are also biomarkers for KI drug selection: mutations in the
PI3K-AKT-mTOR pathway, which have been associated with lower cases of treatment
response to Sorafenib. Moreover, VEGF, ANG2, FGF21, and FGFR4 immunostaining posi-
tivity has been associated with the treatment response to Lenvatinib [22–25]. In more recent
years, a novel approach to finding HCC biomarkers entails looking for the co-localization
of biomarkers, based on subsiding molecular mechanisms. As an example, Ankur Sharma
et al. employed scRNA sequencing and revealed a shared immunosuppressive oncofetal
ecosystem shared by the fetal liver and HCC (namely, characterized by the enrichment
of Tregs and exhausted CD8+T cells). Subsequently, VEGF and NOTCH signaling have
been found to contribute to the maintenance of the immunosuppressive fetal cancer ecosys-
tem [26]. This finding has been reinforced by the excellent performance of VEGF inhibitors
in patients with HCC. Challenges and promising results regarding medical and therapeutic
needs in HCC patients are summarized in Table 1.
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Table 1. Challenges and promising results regarding medical and therapeutic needs in HCC patients.

Issues of Current Available Treatments Subsequent Main Needs in HCC Treatment Promising Results

- Extremely variable treatment-response
of HCC patients;

- High rate of advanced- vs. early-stage
HCC patients;

- Only a few known genetic mutations for
HCC (e.g., TERT, CTNNB1, TP53);

- Lack of effective biomarker(s).

- Patients’ HCC stage stratification;
- Available biomarker(s) to allow early

HCC patient recognition;
- Screening for highly mutated genetic

targets; developing new pathways to
target existing mutations;

- Biomarker(s) for diagnosis and
monitoring of patients’
treatment-response.

- Use of nonsteroidal anti-inflammatory
agents; attempts to target the
WNT/beta-catenin pathway;

- Silencing TERT expression with
antisense oligonucelotides;
overexpression of wild-type AXIN1;
attempts to target the p53 pathway;

- New HCC biomarker(s) (e.g., gut
microbiota).

Abbreviations: HCC: hepatocellular carcinoma; TERT: telomerase reverse transcriptase; WNT: wingless/integrated;
CTNNB1: catenin beta-1; TP53: tumor protein; AXIN1: axis inhibition protein 1.

3.2. Gut Microbiota Composition in Healthy Subjects and Liver Cancer Patients

The human gut microbiota consists of a complex ecosystem of bacteria, viruses, ar-
chaea, protozoa, yeasts, and fungi inhabiting the gut. This ecosystem can play a role in
several metabolic and immune system processes [27]. The first functions of the gut micro-
biota to be studied have been digestion and nutrient absorption. There is a fine commensal
relationship among gut microbes and humans [28]. The main components of bacterial gut
microbiota are strict anaerobes and, to a lesser extent, facultative anaerobes and aerobes.
Thus, Bacteroidetes and Firmicutes are the most common out of more than 50 bacterial phyla
in the human gut [27,28]. The most typical pattern of altered composition of the gut mi-
crobiota, also known as “dysbiosis”, is usually observed in patients with liver cirrhosis
and HCC. Meta-analysis data by Huang et al. from 17 studies revealed an increased abun-
dance of genera Enterobacter and Enterococcus spp. and a decreased abundance of genera
Lactobacillus and Bifidobacterium spp. in cirrhotic patients [29]. Furthermore, in their study
on gut dysbiosis, Ponziani et al. differentiated between NAFLD-related liver cirrhosis
with HCC, NAFLD-related liver cirrhosis without HCC, and healthy controls. Interest-
ingly, they showed an increased abundance of Lactobacillus, Haemophilus, Enterococcus, and
Klebsiella genera and a reduced abundance of Akkermansia and Methanobrevibacter genera
in cirrhotic patients vs. healthy controls [30]. To note, liver cirrhosis stage was uniform
as the enrolled patients all belonged to the Child A class according to the Child–Pugh
liver cirrhosis stage classification. Specifically, the assessment showed that HCC patients
had an increased abundance of Bacteroides, Enterococcus, and Ruminococcaceae genera and a
reduced abundance of Bifidobacterium spp. vs. cirrhotic without HCC evidence. Zhang et al.
stratified HCC patients according to their BCLC status in three stage groups: those with an
advanced HCC stage showed increased concentrations of Enterococcus and Enterobacteri-
aceae and decreased concentrations of Actinobacteria and Bifidobacterium genera [31]. From a
mechanistic point of view, Ren et al. discovered decreased levels of butyrate-producing
bacteria (e.g., Ruminococcus, Oscillibacter, and Faecalibacterium genera) and increased levels
of lipopolysaccharide (LPS)-producing bacteria (e.g., Klebsiella and Haemophilus genera) in
HCC patients vs. cirrhotic and healthy subjects [32]. Indeed, liver cirrhosis patients had sig-
nificantly lower microbial diversity vs. both HCC and healthy subjects. Similarly, enrolled
cirrhotic patients fell within the Child A class. Differentiating the cohort of patients even
more, Zheng et al. enrolled patients with hepatitis, liver cirrhosis, cirrhosis-related HCC,
non-cirrhosis-related HCC, and healthy individuals. Increased levels of the Bacteroidetes
and Fusobacteria class and gut microbiota diversity were recorded in HCC patients vs. other
groups [33]. Of distinction, no significant difference in gut dysbiosis was observed in HCC
patients despite their different etiology. Yan et al. involved patients with HBV-related
liver cirrhosis, HBV-related HCC, and healthy volunteers: an increased abundance of
pro-inflammatory bacteria (e.g., Proteus, Klebsiella, and Streptococcus genera) and a reduced
abundance of butyrate-producing bacteria (e.g., Bacteroides phylum and Firmicutes species)
were found in the gut of HBV-related liver cirrhosis and HBV-HCC patients vs. healthy
subjects [34]. Interestingly, gut microbiota diversity decreased in HBV-HCC patients vs.
findings by Ren et al. This apparent discrepancy can be explained by the different sample
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size, data analysis, and, last but not least, the 16S ribosomal RNA sequencing of fecal
microbiota, which is not devoid of bias as novel metagenomic methods [35]. Intriguingly,
another apparently contradictory finding was that Lactobacillus abundance was found
to be increased in HBV-related HCC patients. This can be explained by a more severe
cancer-derived inflammatory environment. Finally, of consideration is the composition of
liver cirrhosis patients: Child A patients made up 36% of enrolled subjects, Child B made
up 47%, and the remaining percentage was composed of Child C patients. The different
and variegate composition of the study population could have created differences in the
results. In fact, Bajaj et al. studied the ratio of autochthonous vs. non-autochthonous
taxa (namely, the cirrhosis dysbiosis ratio (CDR)) in different disease stages. In detail,
219 cirrhotics (121 compensated outpatients, 54 decompensated outpatients, 44 inpatients)
and 25 age-matched healthy controls were enrolled. CDR was highest in healthy subjects
(2.05) vs. compensated (0.89) and decompensated (0.66) patients. More in detail, MELD
score was negatively correlated with Clostridiales XIV, Lachnospiraceae, and Ruminococ-
caceae (r = −0.3, p < 0.0001 for all) and with Rikenellaceae (r = −0.2, p < 0.0001), while it
was positively correlated with potentially pathogenic taxa (namely, Staphylococcae (r = 0.2,
p = 0.03), Enterococceae (r = 0.4, p < 0.0001), and Enterobacteriaceae (r = 0.3, p = 0.001) [36]
(Table 2).

Table 2. Comparative gut dysbiosis and liver conditions associated with and without liver cancer.

Liver Condition Bacterial Dysbiosis Comparison Group Reference

HCC in liver cirrhosis patients Escherichia coli ↑ vs. HCC patients without liver
cirrhosis [30]

HCC in liver cirrhosis patients

Phylum
Actinobacteria ↓

Verrucomicrobia ↑
Genus

Gemmiger and Parabacteroides ↓
Alistipes, Phascolarctobacterium, and

Ruminococcus ↑
Klebsiella and Haemophilus ↓

vs. HCC patients without liver
cirrhosis [32]

HCC in MASH-related liver cirrhosis Bacteroides and Ruminococcaceae ↑
Bifidobacterium ↓

vs. non-MASH-related liver
cirrhosis [32]

HBV-related HCC Escherichia-Shigella, Enterococcus ↑ vs. non-HBV-related HCC [37]

HBV and HCV-related HCC Faecalibacterium, Ruminococcus,
Ruminoclostridium ↑

vs. non-HBV and HCV-related
HCC [36]

Abbreviations: ↑: increased abundance; ↓: decreased abundance; HCC: hepatocellular carcinoma; MASH:
metabolic-dysfunction-associated steatohepatitis; HBV: hepatitis B virus; HCV: hepatitis C virus.

Interestingly, liver patients without cirrhosis progression have different gut dysbioses:
in non-alcoholic steatohepatitic (NASH) patients, there is an increased abundance of the Pro-
teobacteria phylum and Prevotella and Porphyromonas species and a decreased abundance
of Firmicutes species and the Bacteroidetes class; in alcoholic liver disease (ALD) patients,
there is an increased abundance of the Prevotellaceae family and a decreased abundance of
the Bacteroidaceae family; in chronic C hepatitis patients, there is an increased abundance
of the Enterobacteriaceae genus and Bacterioidetes class and a decreased abundance of the
Firmicutes species; in chronic B hepatitis patients, the abundance of the Bacteroidetes class
is increased, while those of Firmicutes species is decreased [38,39].

3.3. Gut Microbiota and Liver Cancer Pathophysiology
3.3.1. Gut Microbiota, Bile Acids, Immunity, and Liver Cancer Pathophysiology

The gut–liver axis model explains the mechanistic connection between the gut micro-
biota, its particles, its metabolites, and the liver. An altered intestinal permeability allows
the passage of molecules up to the portal circulation within the liver where they can affect
hepatic immunity. This is the preamble to the development of liver cancer, in general, and
especially of HCC [37]. In particular, liver sinusoidal endothelial cells (LSECs) “sense”
the gut microbiota and induce Kupffer cells and lymphocytes to build up a protective
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response [40]. A disruption of immune surveillance favors liver inflammation [41]. Fur-
thermore, chronic liver inflammation is a tumorigenic environment that is fed by several
cytokines, chemokines, growth factors, prostaglandins, and pro-angiogenic factors [42].
The second step towards tumorigenesis is the imbalance and impairment of senescence
surveillance by T cells on pre-malignant hepatocytes [43]. For example, in an ex vivo setup,
the gut dysbiosis bacterial products from HCC patients added to the peripheral blood
mononuclear cells of healthy subjects induced a switch towards the immunosuppression of
the T cell phenotype. Specifically, this was caused by the clonal expansion of regulatory
T cells (Tregs) and, conversely, by the attenuated development of cytotoxic CD8+ T cells [44].
In animal models of steatohepatitis-induced HCC, gut dysbiosis was associated with an
elevated count of myeloid-derived suppressor cells (MDSCs) and, on the other hand, a
significant reduction in CD4+ and CD8+ T cell abundance within the liver [30]. Likewise,
human studies underlined and specifically showed that the abundance of specific bacterial
strains (namely, the Bacteroides genus) correlated with increased MDSCs and the cytokines
IL-8 and IL-13 in HCC patients. Indeed, cytokines affect MDSC recruitment and prolifera-
tion [45]. Corroborating the data, gene expression analysis of cirrhotic livers showed that
bacterial species translocation into the liver correlates with the T cells’ exhaustion biomark-
ers: cytotoxic T lymphocyte-associated antigen 4, PD-1, and thymocyte-selection-associated
HMG box. The resulting immunosuppression is an expression of impaired cancer surveil-
lance [20]. Restoring gut eubiosis in liver cancer patients can lead to the re-establishment of
immunosurveillance. Animal model studies have demonstrated that treating pathogenic
bacteria with antibiotics can reverse immunosuppressive events that promote tumors. This
results in a reduced tumor burden [20,46]. Short-chain fatty acids (SCFAs) and bile acids
(BAs) are the two main gut microbial metabolites involved in HCC pathophysiology [47].
SCFAs (specifically, acetate, propionate, and butyrate) are produced by the fermentation
of undigested carbohydrates, amino acids, lactic acid, and fibers [23]. They can modu-
late immune cell functioning through histone deacetylase inhibition and the activation of
G protein-coupled receptors [24]. Interestingly, some data showed a decreased level of
SCFA-producing bacteria in the feces of HCC patients (namely, Lachnospira, Ruminococcus,
and Butyricicoccus bacteria genera) [48]. However, increased SCFA concentrations have
been found in HCC patients [19]. Indeed, they could promote immunosuppression via
microbiota antigen-specific T helper (Th)1 cell IL-10 production or via the suppression
of inflammatory macrophages in the lamina propria. The latter would facilitate gut dys-
biosis [49]. Indeed, the interaction and role of SCFA concentration and gut microbiota
include other actors: a high inulin diet increases SCFA production, with consequent liver
inflammation, neutrophil influx, and HCC development in mice with gut dysbiosis and
elevated BAs and hyperbilirubinemia [50]. In fact, the level of liver injury is significantly
reduced by the antibiotics’ modulation of fiber-fermenting bacteria [51]. In parallel, subjects
with NAFLD-related HCC had enriched SCFA fecal concentrations and, accordingly, an
increase in peripheral blood Tregs vs. cytotoxic CD8+ T cells subject to NAFLD-related
HCC [23]. Altogether, these data confirm that gut dysbiosis, advanced liver disease, and
increased SCFA production could promote an immunosuppressive environment allowing
HCC outbreak. Finally, we can gather that SCFAs can have a beneficial role in chronic
liver disease but that the degree of effectiveness depends on the stage of liver disease, the
degree of dysbiosis, and, last but not least, the BA profile and concentration. Deranged BA
metabolism associated with gut dysbiosis has been reported in HCC [52]. Primary BAs
are synthesized from cholesterol within the liver (namely, cholic and chenodeoxycholic
acid) [53]. Subsequently, these conjugate with taurine or glycine and are released into the
duodenum, exposed to the gut microbiota, and metabolized into secondary BAs (namely,
lithocholic acid and deoxycholic acid (LCA and DCA)). The fraction that is not reabsorbed
towards the liver remains in systemic circulation. In the blood torrent, they act as signal-
ing molecules. For example, they can activate nuclear receptors (mainly, the farnesoid
X receptor (FXR) and Takeda G protein-coupled bile acid receptor 1) [29]. Importantly,
FXR activation within the liver suppresses lipogenesis and increases lipolysis. This key
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step helps in preventing fat accumulation in hepatic cells. Of further importance, in liver-
specific FXR-knockout mice, there is a significant 20% incidence of HCC [54]. In addition,
the administration of obeticholic acid as an FXR agonist is able to downregulate STAT3,
limiting cancer promotion [55]. Thus, we can assume that dysregulated BA accumulation
and the suppression of FXR expression can contribute to liver carcinogenesis. Peculiarly,
the balance between primary and secondary BA concentration adjusts those between tu-
mor growth/anti-cancer immunomodulation [31]. In fact, both mice and human studies
confirmed secondary BAs promoting an immunosuppressive environment for cancer cells.
The gut microbiota regulates the metabolism of synthesis from primary to secondary BAs,
regulating the C-X-C motif ligand 16 expression of LSECs and the migration of anti-tumor
natural killer T cells to the liver [23,31]. Accordingly, elevated secondary BAs increase
M2-like tumor-associated macrophage polarization within the cancer environment [56].
However, other literature evidence suggests that not all secondary BAs are pros for HCC
formation. For instance, in a murine animal model, the secondary BAs 3-oxo-lithocholic
acid and isolithocholic acid were able to inhibit Th17 expression [57]. Their concentration
was phenotypically associated with better cancer prognosis [58]. More interestingly, HCC
patients responding to immunotherapy had a higher concentration of fecal secondary BAs
(namely, UDCA, tauro-UDCA, ursocholic acid (UCA), and murideoxycholic acid (MDCA))
vs. non-responders [59]. Consequently, diets modulating both SCFA and BA concentrations
can influence HCC development. Indeed, diets rich in fermentable fiber are associated
with HCC formation in animal models with cholestatic-induced liver damage. An in-
creased SCFA concentration and high levels of BAs can reduce CD8+ T cells and increase
Tregs and immunosuppressive immunoglobulin (Ig)A+ B cells within the liver [60]. In
these studies, elevated serum BAs and hyperbilirubinemia concentrations were induced
by high fermentable fibers. Thus, an imbalanced environment favoring excessive SCFA
and BA production can lead to an immunosuppressive response facilitating carcinogenesis
(Figure 1).
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Figure 1. Mechanisms underlying the interactions between the gut microbiota, deranged immunity,
and liver cancer. Gut microbiota dysbiosis drives immune system immunosurveillance impairment
in the liver through its metabolites and the interaction with bile acid metabolism. Vagus nerve
signaling modulates immune response within the liver and is affected by gut microbiota composition.
LPS: lipopolysaccharide; SCFAs: short-chain fatty acids; MAMPs: microbe-associated molecular
patterns; PAMPs: pathogen-associated molecular patterns; BAs: bile acids; DCs: dendritic cells; MHs:
mesenchymal hepatic cells.
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3.3.2. Gut Microbiota Interaction with Immune and Nervous Systems in HCC

The cornerstone of tumor progression is based on hepatic immunosuppression [61].
In fact, the liver is an immune-tolerant organ, physiologically exposed to gut-derived
antigens, and it dampens inflammation [62]. This is the perfect landscape for rapid tumor
growth and results in a limited efficacy of immunotherapy [63]. More in detail, there are
both direct vagal nerve–tumor signaling [64] and “indirect” neuro-immune circuits that
affect tumor growth [65]. Cholinergic vagal activity is able to affect gastrointestinal and
extra-gastrointestinal cancer progression [66,67]. Within the liver, the vagal nerve has been
shown to play a role in the prognosis of liver cancers [68]. Interestingly, cholinergic nerve
density correlates with poor HCC outcome [69]. Furthermore, retrospective data from a
large cohort of patients undergoing truncal vagotomy in the context of surgery for peptic
ulcer had a decreased risk of liver and biliary cancers vs. those non-denervated [11]. Very
recently, Bauer et al. [70] showed how surgical hepatic branch vagotomy in a mouse model
correlated with reduced liver tumor development. Specifically, livers under vagotomy
had an increased inflammatory state. Therefore, this evaluation reinforced the hypothesis
on the existence of a cholinergic anti-inflammatory arc [71]. Indeed, there was a peculiar
acetylcholine (ACh) regulation on different CD8+ T cell subsets: ACh release impairs
CD8+ T cell inflammation, cytotoxicity, and tumor-mediated killing. On the other hand,
the genetic deletion of AChR Chrm3 on CD8+ T cells reduced HCC tumor growth. More
interestingly, mice with hepatic vagotomy presented with reduced cancer fatigue and
anxiety responses vs. those with sham vagotomy. These altered behaviors significantly
correlated with gut dysbiosis. Finally, HCC microbiota transplantation regulated hepatic
anti-tumor immunity via vagal nerves vs. sham controls. Thus, we can assume a promising
therapeutic impact for newer neuroimmune-directed therapy in liver cancer (Figure 2).
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3.4. Perspectives on Gut Microbiota Modulation in the Context of Liver Cancer

There are several options for gut microbiota modulation in the context of liver cancer.
Promising evidence supports the use of the Mediterranean diet to prevent and slow down
liver cirrhosis progression. Moreover, this was associated with a reduced incidence of
HCC [72]. Mediterranean diet administration significantly re-establishes the gut microbiota
composition, leading to a higher abundance of genera such as Lactobacillus, Bifidobac-
terium, and Faecalibacterium [73]. However, there are some uncertainties regarding the
Mediterranean diet. For example, its high fiber content can interact with BA concentration
in the context of HCC pathogenesis [23,24]. Indeed, in the presence of gut dysbiosis, high
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BAs, and hyperbilirubinemia, administration of the Mediterranean diet may benefit from
a low fermentable fiber concentration. From a pathophysiological point of view, there is
growing evidence from observational investigations of the inverse relationship between the
consumption of monounsaturated and omega-3 polyunsaturated fatty acids (namely and
respectively, MUFAs and ω-3 PUFAs) and HCC prevalence [74]. Thus, MUFAs and ω-3
PUFAs can be protective through gut microbiome modulation, reducing intestinal mucosa
inflammation and preventing HCC pathogenesis [75,76] (Table 3).

Table 3. Therapeutic approaches targeting the gut microbiota in liver cancer patients.

Therapeutic Approach Mechanism(s) of Action Impact on HCC Reference

Mediterranean diet
(prospective study; prospective

parallel group; RCT crossover trial)

Increased gut microbiota diversity,
resulting in reduced LPS

concentration in compensated liver
cirrhosis patients vs.

uncompensated ones (p = 0.013).

Reduced HCC prevalence. [23,24,69,70]

Monounsaturated fatty acids
(MUFAs) and omega-3

polyunsaturated fatty acids (PUFAs)
(crossover multicentric study using

multivariable calibrated models;
retrospective case–control study)

Increased gut microbiota diversity,
resulting in reduced inflammatory

response.

Reduced HCC risk of occurrence: in
multivariable calibrated models, there is a
statistically significant inverse association
between total fat intake and risk of HCC

(per 10 g/day, HR = 0.80, 95% CI: 0.65–0.99),
mainly driven by MUFA (per 5 g/day,

HR = 0.71, 95% CI: 0.55–0.92) rather than
PUFA (per 5 g/day, HR = 0.92, 95%

CI: 0.68–1.25).

[71–73]

Antibiotics
(animal model and prospective

observational study)

Reduced abundance of commensal
bacteria (e.g., Clostridium cluster XI

and XIVa), reduced cluster of
secondary BAs (e.g., DCA),

resulting in reduced concentration
of senescent HSCs and increased
concentration of hepatic NKT cell

infiltration;
disruption of the gut–liver axis due

to increased dysbiosis.

Reduced tumor growth in animal models;
reduced response to ICIs, resulting in higher

mortality in humans: comparing the
propensity score of 56 antibiotic users with

99 non-users showed that concurrent
antibiotic use with ICI was associated with
higher cancer-related (aHR: 1.66; 95% CI:

1.08–2.54) and all-cause mortality (aHR: 1.63;
95% CI: 1.17–2.28).

[74–77]

Probiotics
(prospective parallel group

comparing single vs. multistrain;
prospective RCT)

Reduced weight and size of HCC.

Increased abundance of beneficial
species/reduced abundance of pathogenic

species, resulting in reduced intestinal
inflammation, reduced intestinal

permeability, and lower circulating LPS
levels.

Removal of carcinogens through binding by
probiotics: ninety healthy young Chinese
men were randomized into the following:

one group receiving Lactobacillus rhamnosus
LC705 and Propionibacterium freudenreichii

subsp. shermanii strains 2 times/d for
5 weeks; one group receiving placebo. There
was a statistically significant decrease in the
aflatoxin-N(7)-guanine urine concentration
in the probiotic-treated group only (36% at

week 3 and 55% at week 5 follow-up).

[78–82]

Fecal microbiota transplantation
(prospective exploratory study;

phase 1 clinical trial)

Reduced hepatic inflammation and
HCC risk.

Increased effectiveness of ICI
treatment, reduced HCC growth.

Gut dysbiosis modulation resulting in
increased immune response vs. tumor: out

of 10 patients with anti-PD-1-refractory
metastatic melanoma, there was clinical

response in 3 patients.

[83–87]

Abbreviations: LPS: lipopolysaccharide; HCC: hepatocellular carcinoma; BA: bile acid; DCA: deoxycholic acid;
ICIs: immune checkpoint inhibitors; RCT: randomized controlled trial; HR: hazard ratio; CI: confidence index.

Among antibiotics active against Gram-positive bacteria, vancomycin can inhibit
HCC development. Interestingly, this was accompanied by inhibition of the emergence of
senescent hepatic stellate cells (HSCs) [77]. Within the experimental setup used in this study,
the depletion of intestinal bacterial strains of Clostridium cluster XI and XIVa was included,
essential for the overproduction of DCA. The latter is responsible for DNA damage, leading
to the rise in senescent HSCs. In another cholestatic murine model of HCC, mice were



Biomedicines 2024, 12, 1797 10 of 15

fed a high inulin diet and treated with vancomycin. There was a significant reduction in
HCC progression attributable to a reduced number of secondary BAs biosynthesized by the
dysbiotic gut microbiota [78]. Furthermore, in a murine HCC model, an antibiotic cocktail
of vancomycin, neomycin, and primaxin was associated, due to MYC overexpression, with
a significant reduction in the number and size of HCC nodules vs. the control group [22,23].
Immunologically, the mixture used brought a selective pressure towards hepatic C-X-X
motif receptor 6+ NKT cells spread within the liver. Unfortunately, data from human
studies showed contrasting findings. However, fortunately, antibiotic use in HCC patients
is an important biomarker for assessing the treatment outcome of patients under ICIs
and tyrosine kinase inhibitors. For example, almost 4100 HCC patients belonging to nine
multicenter clinical trials showed exposure to antibiotic treatment to be associated with
worse treatment outcomes [79]. Similarly, data from 395 HCC patients in Hong Kong
receiving ICIs confirmed the concurrent antibiotic use to correlate with higher mortality
rates in patients with an advanced disease stage [80]. These findings can be explained by
the disruption of the gut–liver axis. However, more investigations are warranted in the
field. Probiotics are alive organisms beneficially affecting host health [81]. Despite the
well-known and evidence-based mechanism of their action preventing the development of
chronic liver disease complications like HCC, they can also manipulate the binding and
absorption of carcinogens. For example, targeting aflatoxins such as hepatocarcinogen,
patients treated with a multistrain probiotic (Lactobacillus and Propionibacterium spp.) had a
lower urinary level of the toxins [82]. Moreover, animal studies explained that the strains are
able to bind aflatoxins [83]. Indeed, we cannot forget the immunomodulant mechanism of
action involving the gut–liver axis. Mice fed a novel probiotic mixture (Lactobacillus species,
Escherichia coli, and heat-inactivated VSL#3) resulted in Th17 cell migration into liver
cancer. Interestingly, this led to a decrease in tumor weight and size. In addition, there was a
downregulation of angiogenic factors [84]. Accordingly, the gut microbiota showed a higher
abundance of Butyricimonas and Prevotella genera. Using a rat model of HCC, VSL#3 alone
significantly reduced intestinal permeability and plasma levels of LPS. Similarly, there was a
significant reduction in HCC weight and size in treated animals vs. controls [85]. The direct
modulation of a living “organ” as the human gut microbiota in patients with liver cancer
can be obtained with fecal microbiota transplantation (FMT). In this regard, FMT has been
shown to effectively attenuate high-fat-diet-induced steatohepatitis and further potential
liver cirrhosis and/or HCC development [86]. In addition to this solid evidence, there are
promising data on the adjuvant role of FMT in non-HCC-ICI-treated patients. More in
detail, in melanoma patients, FMT from responders to PD-1 blockade delivered to non-
responders resulted in an improved response to treatment [87]. Immunologically, treatment-
responders showed an increased gut infiltration of antigen-presenting cells and tumor-
infiltrating lymphocytes [88]. Interestingly and specifically, the genus Lachnoclostridium
was associated with an enrichment of UDCA, tauro-UDCA, UCA, and MDCA. They are
secondary BAs associated with the response to ICI therapy in HCC [89]. Accordingly,
Akkermansia muciniphila’s gut microbiota enrichment has been linked to ICI treatment-
response in a variety of solid cancers including HCC [90] (Table 4).

Table 4. Therapeutic approaches targeting the gut microbiota in liver cancer animal models.

Animal Model Treatment Used Impact on HCC Reference

Inulin-fed HCC in T5KO mice Vancomycin

Gut microbiota modulation: Bifidobacteria,
Lachnospiraceae, Clostridium cluster XIVa, and

Ruminococcaceae ↓.
Secondary BA concentration reduction significantly
correlated with gut microbiota vancomycin-related

modulation.

[77]

MYC transgenic spontaneous
HCC in mice

Antibiotics’ cocktail (namely,
vancomycin, neomycin, and

primaxin)

Gut microbiota modulation: Bacteroidales ↓,
Verrucomicrobiales ↑.

In antibiotic-treated MYC mice, there was a
significantly reduced number of HCC nodules.

[45]
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Table 4. Cont.

Animal Model Treatment Used Impact on HCC Reference

Hepa 1–6 (mouse hepatoma cell
line) injected HCC in C57BL6/N

mice
Prohep (probiotics mixture)

Significant gut microbiota modulation: Prevotella,
Oscillibacter, Akkermansia muciniphila, Bacteroides fragilis,

Alistipes, Paraprevotella, Mucispirillum ↑.
Gut microbiota modulation significantly correlated
with decreased tumor size and weight by 40% vs.

control group.
Prevotella and Oscillibacter anti-inflammatory cytokines

inhibited Th17 polarization and increased the
development of anti-inflammatory Treg/Tr1 cells

within the gut.

[83]

Diethylnitrosamine
(DEN)-induced HCC in rats

VSL#3 (probiotics’ mixture
including 8 bacterial species)

Escherichia coli, Bacteroides fragilis group, and
gram-bacteria ↓;

Reduced incidence and number of HCC nodules in
treated animals.

[91]

Bcr-Abl-transfected No (BaF3
cells) tumor in mice Inulin-type fructans

No significant gut dysbiosis modulation;
lowered hepatic BaF3 cellular invasion and

inflammation and increased portal propionate
concentration.

[92]

Abbreviations: HCC: hepatocellular carcinoma; ↑: increased abundance; ↓: decreased abundance; BA: bile acid;
MYC: myelocytomatosis oncogene, T5KO: Flagellin receptor TLR5-deficient (mice).

4. Conclusions

The pathophysiology of HCC is a topic that still requires investigation. Currently, only
a few genetic mutations can be linked to HCC. The discovery of weak immunosurveillance
within the liver has led to a shift in cancer treatment from anti-angiogenetic to novel
immunotherapy. Hepatic immune response is regulated by the gut microbiota also through
BA and SCFA metabolism [93,94].

Different gut dysbioses characterize different ICI responses. Moreover, different gut
dysbioses characterize different liver disease stages (e.g., HCC in liver cirrhosis vs. non-liver
cirrhosis). Gut dysbiosis is a hallmark of the etiology of different liver diseases.

Thus, gut dysbiosis can be a useful biomarker for HCC diagnosis and treatment-
response monitoring in the frame of “personalized” medicine.

Finally, gut dysbiosis modulation with diet, pre-/probiotics and FMT show promising
results in their ability to drastically change the natural course of HCC [93,94].

The key conclusive points are summarized in Figure 2 as take-home messages.

Author Contributions: Conceptualization, E.S. and L.A.; methodology, E.S. and G.G.M.S.; software,
V.S.; validation, E.S. and L.A.; formal analysis, E.S.; investigation, E.S. and G.G.M.S.; resources,
M.S.; data curation, E.S.; writing—original draft preparation, E.S.; writing—review and editing, E.S.;
visualization, V.S.; supervision, E.S., N.K. and L.A.; project administration, E.S.; funding acquisition,
E.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data from the contribution are available online on PubMed and on the
main Gastroenterology and Hepatology congress websites.

Acknowledgments: We acknowledge the health professionals fighting against liver cancer and
Simone Scarlata for his critical review of the English language.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Selene, I.I.; Ozen, M.; Patel, R.A. Hepatocellular Carcinoma: Advances in Systemic Therapy. Semin. Interv. Radiol. 2024, 41, 56–62.

[CrossRef] [PubMed]
2. Devarbhavi, H.; Asrani, S.K.; Arab, J.P.; Nartey, Y.A.; Pose, E.; Kamath, P.S. Global Burden of Liver Disease: 2023 Update.

J. Hepatol. 2023, 79, 516–537. [CrossRef] [PubMed]
3. Hakami, Z.H. Biomarker discovery and validation for gastrointestinal tumors: A comprehensive review of colorectal, gastric, and

liver cancers. Pathol. Res. Pract. 2024, 255, 155216. [CrossRef]

https://doi.org/10.1055/s-0044-1779713
https://www.ncbi.nlm.nih.gov/pubmed/38495258
https://doi.org/10.1016/j.jhep.2023.03.017
https://www.ncbi.nlm.nih.gov/pubmed/36990226
https://doi.org/10.1016/j.prp.2024.155216


Biomedicines 2024, 12, 1797 12 of 15

4. Leyh, C.; Coombes, J.D.; Schmidt, H.H.; Canbay, A.; Manka, P.P.; Best, J. MASLD-Related HCC—Update on Pathogenesis and
Current Treatment Options. J. Pers. Med. 2024, 14, 370. [CrossRef] [PubMed]

5. Gabbia, D.; De Martin, S. Insights into Hepatocellular Carcinoma: From Pathophysiology to Novel Therapies. Int. J. Mol. Sci.
2024, 25, 4188. [CrossRef] [PubMed]

6. Kotsari, M.; Dimopoulou, V.; Koskinas, J.; Armakolas, A. Immune System and Hepatocellular Carcinoma (HCC): New Insights
into HCC Progression. Int. J. Mol. Sci. 2023, 24, 11471. [CrossRef] [PubMed]

7. Akateh, C.; Black, S.M.; Conteh, L.; Miller, E.D.; Noonan, A.; Elliott, E.; Pawlik, T.M.; Tsung, A.; Cloyd, J.M. Neoadjuvant and
adjuvant treatment strategies for hepatocellular carcinoma. World J. Gastroenterol. 2019, 25, 3704–3721. [CrossRef]

8. Jiang, C.; Sun, X.D.; Qiu, W.; Chen, Y.G.; Sun, D.W.; Lv, G.Y. Conversion therapy in liver transplantation for hepatocellular
carcinoma: What’s new in the era of molecular and immune therapy? Hepatobiliary Pancreat. Dis. Int. 2023, 22, 7–13. [CrossRef]

9. Luo, X.; He, X.; Zhang, X.; Zhao, X.; Zhang, Y.; Shi, Y.; Hua, S. Hepatocellular carcinoma: Signaling pathways, targeted therapy,
and immunotherapy. MedComm 2024, 5, e474. [CrossRef]

10. Yegin, E.G.; Oymaci, E.; Karatay, E.; Coker, A. Progress in surgical and nonsurgical approaches for hepatocellular carcinoma
treatment. Hepatobiliary Pancreat. Dis. Int. 2016, 15, 234–256. [CrossRef]

11. Hasegawa, K.; Takemura, N.; Yamashita, T.; Watadani, T.; Kaibori, M.; Kubo, S.; Shimada, M.; Nagano, H.; Hatano, E.; Aikata, H.;
et al. Clinical Practice Guidelines for Hepatocellular Carcinoma: The Japan Society of Hepatology 2021 Version (5th JSH-HCC
Guidelines). Hepatol. Res. 2023, 53, 383–390. [CrossRef]

12. Finn, R.S.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.Y.; Kudo, M.; Breder, V.; Merle, P.; Kaseb, A.O.; et al. Atezolizumab
plus Bevacizumab in Unresectable Hepatocellular Carcinoma. N. Engl. J. Med. 2020, 382, 1894–1905. [CrossRef] [PubMed]

13. Schwabe, R.F.; Greten, T.F. Gut microbiome in HCC—Mechanisms, diagnosis and therapy. J. Hepatol. 2020, 72, 230–238. [CrossRef]
[PubMed]

14. Trevisani, F.; Vitale, A.; Kudo, M.; Kulik, L.; Park, J.W.; Pinato, D.J.; Cillo, U. Merits and Boundaries of the BCLC Staging
and Treatment Algorithm: Learning from the Past to Improve the Future with a Novel Proposal. J. Hepatol. 2024, 80, 661–669.
[CrossRef] [PubMed]

15. Laschtowitz, A.; Roderburg, C.; Tacke, F.; Mohr, R. Preoperative Immunotherapy in Hepatocellular Carcinoma: Current State of
the Art. J. Hepatocell. Carcinoma 2023, 10, 181–191. [CrossRef]

16. Yang, C.; Zhang, H.; Zhang, L.; Zhu, A.X.; Bernards, R.; Qin, W.; Wang, C. Evolving therapeutic landscape of advanced
hepatocellular carcinoma. Nat. Rev. Gastroenterol. Hepatol. 2023, 20, 203–222. [CrossRef]

17. Ningarhari, M.; Caruso, S.; Hirsch, T.Z.; Bayard, Q.; Franconi, A.; Védie, A.L.; Noblet, B.; Blanc, J.F.; Amaddeo, G.; Ganne, N.;
et al. Telomere length is key to hepatocellular carcinoma diversity and telomerase addiction is an actionable therapeutic target.
J. Hepatol. 2021, 74, 1155–1166, Erratum in J. Hepatol. 2022, 76, 1242–1243. [CrossRef] [PubMed]

18. Saleem, S.; Khan, R.; Afzal, M.; Kazmi, I. Oxyphenbutazone promotes cytotoxicity in rats and Hep3B cellsvia suppression of
PGE2 and deactivation of Wnt/β-catenin signaling pathway. Mol. Cell Biochem. 2018, 444, 187–196. [CrossRef]

19. Croy, H.E.; Fuller, C.N.; Giannotti, J.; Robinson, P.; Foley, A.V.A.; Yamulla, R.J.; Cosgriff, S.; Greaves, B.D.; von Kleeck, R.A.; An,
H.H.; et al. The Poly(ADP-ribose) Polymerase Enzyme Tankyrase Antagonizes Activity of the β-Catenin Destruction Complex
through ADP-ribosylation of Axin and APC2. J. Biol. Chem. 2016, 291, 12747–12760. [CrossRef]

20. Krishnamurthy, N.; Kurzrock, R. Targeting the Wnt/beta-catenin pathway in cancer: Update on effectors and inhibitors. Cancer
Treat. Rev. 2018, 62, 50–60. [CrossRef]

21. Chakraborty, E.; Sarkar, D. Emerging Therapies for Hepatocellular Carcinoma (HCC). Cancers 2022, 14, 2798. [CrossRef] [PubMed]
22. Pinato, D.J.; Mauri, F.A.; Spina, P.; Cain, O.; Siddique, A.; Goldin, R.; Victor, S.; Pizio, C.; Akarca, A.U.; Boldorini, R.L.; et al.

Clinical implications of heterogeneity in PD-L1 immunohistochemical detection in hepatocellular carcinoma: The Blueprint-HCC
study. Br. J. Cancer 2019, 120, 1033–1036. [CrossRef]

23. Yau, T.; Kang, Y.K.; Kim, T.Y.; El-Khoueiry, A.B.; Santoro, A.; Sangro, B.; Melero, I.; Kudo, M.; Hou, M.M.; Matilla, A.; et al.
Efficacy and Safety of Nivolumab Plus Ipilimumab in Patients with Advanced Hepatocellular Carcinoma Previously Treated with
Sorafenib: The CheckMate 040 Randomized Clinical Trial. JAMA Oncol. 2020, 6, e204564. [CrossRef]

24. Zhu, A.X.; Finn, R.S.; Edeline, J.; Cattan, S.; Ogasawara, S.; Palmer, D.; Verslype, C.; Zagonel, V.; Fartoux, L.; Vogel, A.; et al.
Pembrolizumab in patients with advanced hepatocellular carcinoma previously treated with sorafenib (KEYNOTE-224): A
non-randomised, open-label phase 2 trial. Lancet Oncol. 2018, 19, 940–952. [CrossRef] [PubMed]

25. Pfister, D.; Núñez, N.G.; Pinyol, R.; Govaere, O.; Pinter, M.; Szydlowska, M.; Gupta, R.; Qiu, M.; Deczkowska, A.; Weiner, A.; et al.
NASH limits anti-tumour surveillance in immunotherapy-treated HCC. Nature 2021, 592, 450–456. [CrossRef]

26. Piñero, F.; Dirchwolf, M.; Pessôa, M.G. Biomarkers in Hepatocellular Carcinoma: Diagnosis, Prognosis and Treatment Response
Assessment. Cells 2020, 9, 1370. [CrossRef]

27. Shreiner, A.B.; Kao, J.Y.; Young, V.B. The gut microbiome in health and in disease. Curr. Opin. Gastroenterol. 2015, 31, 69–75.
[CrossRef]

28. Trivedi, Y.; Bolgarina, Z.; Desai, H.N.; Senaratne, M.; Swami, S.S.; Aye, S.L.; Mohammed, L. The Role of Gut Microbiome in
Hepatocellular Carcinoma: A Systematic Review. Cureus 2023, 15, e43862. [CrossRef] [PubMed]

29. Huang, L.; Yu, Q.; Peng, H.; Zhen, Z. Alterations of gut microbiome and effects of probiotic therapy in patients with liver cirrhosis:
A systematic review and meta-analysis. Medicine 2022, 101, e32335. [CrossRef]

https://doi.org/10.3390/jpm14040370
https://www.ncbi.nlm.nih.gov/pubmed/38672997
https://doi.org/10.3390/ijms25084188
https://www.ncbi.nlm.nih.gov/pubmed/38673774
https://doi.org/10.3390/ijms241411471
https://www.ncbi.nlm.nih.gov/pubmed/37511228
https://doi.org/10.3748/wjg.v25.i28.3704
https://doi.org/10.1016/j.hbpd.2022.10.006
https://doi.org/10.1002/mco2.474
https://doi.org/10.1016/S1499-3872(16)60097-8
https://doi.org/10.1111/hepr.13892
https://doi.org/10.1056/NEJMoa1915745
https://www.ncbi.nlm.nih.gov/pubmed/32402160
https://doi.org/10.1016/j.jhep.2019.08.016
https://www.ncbi.nlm.nih.gov/pubmed/31954488
https://doi.org/10.1016/j.jhep.2024.01.010
https://www.ncbi.nlm.nih.gov/pubmed/38266658
https://doi.org/10.2147/JHC.S347944
https://doi.org/10.1038/s41575-022-00704-9
https://doi.org/10.1016/j.jhep.2020.11.052
https://www.ncbi.nlm.nih.gov/pubmed/33338512
https://doi.org/10.1007/s11010-017-3243-2
https://doi.org/10.1074/jbc.M115.705442
https://doi.org/10.1016/j.ctrv.2017.11.002
https://doi.org/10.3390/cancers14112798
https://www.ncbi.nlm.nih.gov/pubmed/35681776
https://doi.org/10.1038/s41416-019-0466-x
https://doi.org/10.1001/jamaoncol.2020.4564
https://doi.org/10.1016/S1470-2045(18)30351-6
https://www.ncbi.nlm.nih.gov/pubmed/29875066
https://doi.org/10.1038/s41586-021-03362-0
https://doi.org/10.3390/cells9061370
https://doi.org/10.1097/MOG.0000000000000139
https://doi.org/10.7759/cureus.43862
https://www.ncbi.nlm.nih.gov/pubmed/37614827
https://doi.org/10.1097/MD.0000000000032335


Biomedicines 2024, 12, 1797 13 of 15

30. Ponziani, F.R.; Bhoori, S.; Castelli, C.; Putignani, L.; Rivoltini, L.; Del Chierico, F.; Sanguinetti, M.; Morelli, D.; Paroni Sterbini, F.;
Petito, V.; et al. Hepatocellular Carcinoma Is Associated with Gut Microbiota Profile and Inflammation in Nonalcoholic Fatty
Liver Disease. Hepatology 2019, 69, 107–120. [CrossRef]

31. Zhang, N.; Gou, Y.; Liang, S.; Chen, N.; Liu, Y.; He, Q.; Zhang, J. Dysbiosis of gut microbiota promotes hepatocellular carcinoma
progression by regulating the immune response. J. Immunol. Res. 2021, 2021, 4973589. [CrossRef] [PubMed]

32. Ren, Z.; Li, A.; Jiang, J.; Zhou, L.; Yu, Z.; Lu, H.; Xie, H.; Chen, X.; Shao, L.; Zhang, R.; et al. Gut microbiome analysis as a tool
towards targeted non-invasive biomarkers for early hepatocellular carcinoma. Gut 2019, 68, 1014–1023. [CrossRef] [PubMed]

33. Zheng, R.; Wang, G.; Pang, Z.; Ran, N.; Gu, Y.; Guan, X.; Yuan, Y.; Zuo, X.; Pan, H.; Zheng, J.; et al. Liver cirrhosis contributes to
the disorder of gut microbiota in patients with hepatocellular carcinoma. Cancer Med. 2020, 9, 4232–4250. [CrossRef] [PubMed]

34. Yan, F.; Zhang, Q.; Shi, K.; Zhang, Y.; Zhu, B.; Bi, Y.; Wang, X. Gut microbiota dysbiosis with hepatitis B virus liver disease and
association with immune response. Front. Cell Infect. Microbiol. 2023, 13, 1152987. [CrossRef] [PubMed]

35. Regueira-Iglesias, A.; Balsa-Castro, C.; Blanco-Pintos, T.; Tomás, I. Critical review of 16S rRNA gene sequencing workflow
in microbiome studies: From primer selection to advanced data analysis. Mol. Oral Microbiol. 2023, 38, 347–399. [CrossRef]
[PubMed]

36. Bajaj, J.S.; Heuman, D.M.; Hylemon, P.B.; Sanyal, A.J.; White, M.B.; Monteith, P.; Noble, N.A.; Unser, A.B.; Daita, K.; Fisher, A.R.;
et al. Altered profile of human gut microbiome is associated with cirrhosis and its complications. J. Hepatol. 2014, 60, 940–947.
[CrossRef] [PubMed]

37. Liu, Q.; Li, F.; Zhuang, Y.; Xu, J.; Wang, J.; Mao, X.; Zhang, Y.; Liu, X. Alteration in gut microbiota associated with hepatitis B and
non-hepatitis virus related hepatocellular carcinoma. Gut Pathog. 2019, 11, 1. [CrossRef] [PubMed]

38. Kanezawa, S.; Moriyama, M.; Kanda, T.; Fukushima, A.; Masuzaki, R.; Sasaki-Tanaka, R.; Tsunemi, A.; Ueno, T.; Fukuda, N.;
Kogure, H. Gut-Microbiota Dysbiosis in Stroke-Prone Spontaneously Hypertensive Rats with Diet-Induced Steatohepatitis. Int. J.
Mol. Sci. 2023, 24, 4603. [CrossRef]

39. Honda, T.; Ishigami, M.; Yamamoto, K.; Takeyama, T.; Ito, T.; Ishizu, Y.; Kuzuya, T.; Nakamura, M.; Kawashima, H.; Miyahara, R.;
et al. Changes in the gut microbiota after hepatitis C virus eradication. Sci. Rep. 2021, 11, 23568. [CrossRef]

40. Shetty, S.; Lalor, P.F.; Adams, D.H. Liver sinusoidal endothelial cells—Gatekeepers of hepatic immunity. Nat. Rev. Gastroenterol.
Hepatol. 2018, 15, 555–567. [CrossRef]

41. Gola, A.; Dorrington, M.G.; Speranza, E.; Sala, C.; Shih, R.M.; Radtke, A.J.; Wong, H.S.; Baptista, A.P.; Hernandez, J.M.; Castellani,
G.; et al. Commensal-driven immune zonation of the liver promotes host defence. Nature 2021, 589, 131–136. [CrossRef]

42. Rajapakse, J.; Khatiwada, S.; Akon, A.C.; Yu, K.L.; Shen, S.; Zekry, A. Unveiling the complex relationship between gut microbiota
and liver cancer: Opportunities for novel therapeutic interventions. Gut Microbes 2023, 15, 2240031. [CrossRef]

43. Kang, T.W.; Yevsa, T.; Woller, N.; Hoenicke, L.; Wuestefeld, T.; Dauch, D.; Hohmeyer, A.; Gereke, M.; Rudalska, R.; Potapova, A.;
et al. Senescence surveillance of pre-malignant hepatocytes limits liver cancer development. Nature 2011, 479, 547–551. [CrossRef]
[PubMed]

44. Behary, J.; Amorim, N.; Jiang, X.T.; Raposo, A.; Gong, L.; McGovern, E.; Ibrahim, R.; Chu, F.; Stephens, C.; Jebeili, H.; et al. Gut
microbiota impact on the peripheral immune response in non-alcoholic fatty liver disease related hepatocellular carcinoma. Nat.
Commun. 2021, 12, 187. [CrossRef]

45. Jasirwan, C.O.M.; Lesmana, C.R.A.; Hasan, I.; Sulaiman, A.S.; Gani, R.A. The role of gut microbiota in non-alcoholic fatty liver
disease: Pathways of mechanisms. Biosci. Microbiota Food Health 2019, 38, 81–88. [CrossRef] [PubMed]

46. 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]

47. Visekruna, A.; Luu, M. The role of short-chain fatty acids and bile acids in intestinal and liver function, inflammation, and
carcinogenesis. Front. Cell Dev. Biol. 2021, 9, 703218. [CrossRef]

48. Luu, M.; Riester, Z.; Baldrich, A.; Reichardt, N.; Yuille, S.; Busetti, A.; Klein, M.; Wempe, A.; Leister, H.; Raifer, H.; et al. Microbial
short-chain fatty acids modulate CD8+ T cell responses and improve adoptive immunotherapy for cancer. Nat. Commun. 2021, 12,
4077. [CrossRef]

49. Lasitschka, F.; Giese, T.; Paparella, M.; Kurzhals, S.R.; Wabnitz, G.; Jacob, K.; Gras, J.; Bode, K.A.; Heninger, A.K.; Sziskzai, T.; et al.
Human monocytes downregulate innate response receptors following exposure to the microbial metabolite n-butyrate. Immun.
Inflamm. Dis. 2017, 5, 480–492. [CrossRef]

50. Yeoh, B.S.; Saha, P.; Golonka, R.M.; Zou, J.; Petrick, J.L.; Abokor, A.A.; Xiao, X.; Bovilla, V.R.; Bretin, A.C.A.; Rivera-Esteban, J.;
et al. Enterohepatic Shunt-Driven Cholemia Predisposes to Liver Cancer. Gastroenterology 2022, 163, 1658–1671. [CrossRef]

51. Penumutchu, S.; Korry, B.J.; Hewlett, K.; Belenky, P. Fiber supplementation protects from antibiotic-induced gut microbiome
dysbiosis by modulating gut redox potential. Nat. Commun. 2023, 14, 5161. [CrossRef] [PubMed]

52. Sydor, S.; Best, J.; Messerschmidt, I.; Manka, P.; Vilchez-Vargas, R.; Brodesser, S.; Lucas, C.; Wegehaupt, A.; Wenning, C.; Aßmuth,
S.; et al. Altered Microbiota Diversity and Bile Acid Signaling in Cirrhotic and Noncirrhotic NASH-HCC. Clin. Transl. Gastroenterol.
2020, 11, e00131. [CrossRef] [PubMed]

53. Fleishman, J.S.; Kumar, S. Bile acid metabolism and signaling in health and disease: Molecular mechanisms and therapeutic
targets. Signal Transduct. Target. Ther. 2024, 9, 97. [PubMed]

https://doi.org/10.1002/hep.30036
https://doi.org/10.1155/2021/4973589
https://www.ncbi.nlm.nih.gov/pubmed/34722779
https://doi.org/10.1136/gutjnl-2017-315084
https://www.ncbi.nlm.nih.gov/pubmed/30045880
https://doi.org/10.1002/cam4.3045
https://www.ncbi.nlm.nih.gov/pubmed/32281295
https://doi.org/10.3389/fcimb.2023.1152987
https://www.ncbi.nlm.nih.gov/pubmed/37201112
https://doi.org/10.1111/omi.12434
https://www.ncbi.nlm.nih.gov/pubmed/37804481
https://doi.org/10.1016/j.jhep.2013.12.019
https://www.ncbi.nlm.nih.gov/pubmed/24374295
https://doi.org/10.1186/s13099-018-0281-6
https://www.ncbi.nlm.nih.gov/pubmed/30675188
https://doi.org/10.3390/ijms24054603
https://doi.org/10.1038/s41598-021-03009-0
https://doi.org/10.1038/s41575-018-0020-y
https://doi.org/10.1038/s41586-020-2977-2
https://doi.org/10.1080/19490976.2023.2240031
https://doi.org/10.1038/nature10599
https://www.ncbi.nlm.nih.gov/pubmed/22080947
https://doi.org/10.1038/s41467-020-20422-7
https://doi.org/10.12938/bmfh.18-032
https://www.ncbi.nlm.nih.gov/pubmed/31384519
https://doi.org/10.1126/science.aan5931
https://www.ncbi.nlm.nih.gov/pubmed/29798856
https://doi.org/10.3389/fcell.2021.703218
https://doi.org/10.1038/s41467-021-24331-1
https://doi.org/10.1002/iid3.184
https://doi.org/10.1053/j.gastro.2022.08.033
https://doi.org/10.1038/s41467-023-40553-x
https://www.ncbi.nlm.nih.gov/pubmed/37620319
https://doi.org/10.14309/ctg.0000000000000131
https://www.ncbi.nlm.nih.gov/pubmed/32352707
https://www.ncbi.nlm.nih.gov/pubmed/38664391


Biomedicines 2024, 12, 1797 14 of 15

54. Kong, B.; Zhu, Y.; Li, G.; Williams, J.A.; Buckley, K.; Tawfik, O.; Luyendyk, J.P.; Guo, G.L. Mice with hepatocyte-specific FXR
deficiency are resistant to spontaneous but susceptible to cholic acid-induced hepatocarcinogenesis. Am. J. Physiol. Gastrointest.
Liver Physiol. 2016, 310, G295–G302. [CrossRef]

55. Li, G.; Zhu, Y.; Tawfik, O.; Kong, B.; Williams, J.A.; Zhan, L.; Kassel, K.M.; Luyendyk, J.P.; Wang, L.; Guo, G.L. Mechanisms of
STAT3 activation in the liver of FXR knockout mice. Am. J. Physiol. Gastrointest. Liver Physiol. 2013, 305, G829–G837. [CrossRef]

56. Sun, R.; Zhang, Z.; Bao, R.; Guo, X.; Gu, Y.; Yang, W.; Wei, J.; Chen, X.; Tong, L.; Meng, J.; et al. Loss of SIRT5 promotes
bile acid-induced immunosuppressive microenvironment and hepatocarcinogenesis. J. Hepatol. 2022, 77, 453–466. [CrossRef]
[PubMed]

57. Paik, D.; Yao, L.; Zhang, Y.; Bae, S.; D’Agostino, G.D.; Zhang, M.; Kim, E.; Franzosa, E.A.; Avila-Pacheco, J.; Bisanz, J.E.; et al.
Human gut bacteria produce TH17-modulating bile acid metabolites. Nature 2022, 603, 907–912. [CrossRef] [PubMed]

58. Lan, Y.T.; Fan, X.P.; Fan, Y.C.; Zhao, J.; Wang, K. Change in the Treg/Th17 cell imbalance in hepatocellular carcinoma patients and
its clinical value. Medicine 2017, 96, e7704. [CrossRef]

59. Lee, P.C.; Wu, C.J.; Hung, Y.W.; Lee, C.J.; Chi, C.T.; Lee, I.C.; Yu-Lun, K.; Chou, S.H.; Luo, J.C.; Hou, M.C.; et al. Gut micro-
biota and metabolites associate with outcomes of immune checkpoint inhibitor-treated unresectable hepatocellular carcinoma.
J. Immunother. Cancer 2022, 10, e004779. [CrossRef]

60. Smith, P.M.; Howitt, M.R.; Panikov, N.; Michaud, M.; Gallini, C.A.; Bohlooly, Y.M.; Glickman, J.N.; Garrett, W.S. The microbial
metabolites, short-chain fatty acids, regulate colonic treg cell homeostasis. Science 2013, 341, 569–573. [CrossRef]

61. Zheng, M.; Tian, Z. Liver-Mediated Adaptive Immune Tolerance. Front. Immunol. 2019, 10, 2525. [CrossRef] [PubMed]
62. Robinson, M.W.; Harmon, C.; O’Farrelly, C. Liver immunology and its role in inflammation and homeostasis. Cell Mol. Immunol.

2016, 13, 267–276. [CrossRef] [PubMed]
63. Bai, R.; Chen, N.; Li, L.; Du, N.; Bai, L.; Lv, Z.; Tian, H.; Cui, J. Mechanisms of Cancer Resistance to Immunotherapy. Front. Oncol.

2020, 10, 1290. [CrossRef] [PubMed]
64. Zahalka, A.H.; Frenette, P.S. Nerves in cancer. Nat. Rev. Cancer 2020, 20, 143–157. [CrossRef] [PubMed]
65. Huh, J.R.; Veiga-Fernandes, H. Neuroimmune circuits in inter-organ communication. Nat. Rev. Immunol. 2020, 20, 217–228.

[CrossRef] [PubMed]
66. Dubeykovskaya, Z.; Si, Y.; Chen, X.; Worthley, D.L.; Renz, B.W.; Urbanska, A.M.; Hayakawa, Y.; Xu, T.; Westphalen, C.B.;

Dubeykovskiy, A.; et al. Neural innervation stimulates splenic TFF2 to arrest myeloid cell expansion and cancer. Nat. Commun.
2016, 7, 10517. [CrossRef] [PubMed]

67. Magnon, C.; Hall, S.J.; Lin, J.; Xue, X.; Gerber, L.; Freedland, S.J.; Frenette, P.S. Autonomic nerve development contributes to
prostate cancer progression. Science 2013, 341, 1236361. [CrossRef] [PubMed]

68. Wu, S.C.; Cheng, H.T.; Wang, Y.C.; Tzeng, C.W.; Hsu, C.H.; Muo, C.H. Decreased risk of liver and intrahepatic cancer in non-H.
pylori-infected perforated peptic ulcer patients with truncal vagotomy: A nationwide study. Sci. Rep. 2021, 11, 15594. [CrossRef]
[PubMed]

69. Zhang, L.; Wu, L.L.; Huan, H.B.; Chen, X.J.; Wen, X.D.; Yang, D.P.; Xia, F. Sympathetic and parasympathetic innervation in
hepatocellular carcinoma. Neoplasma 2017, 64, 840–846. [CrossRef]

70. Bauer, K.C.; Trehan, R.; Ruf, B.; Myojin, Y.; Benmebarek, M.R.; Ma, C.; Seifert, M.; Nur, A.; Qi, J.; Huang, P.; et al. The Gut
Microbiome Controls Liver Tumors via the Vagus Nerve. bioRxiv 2024. [CrossRef]

71. Pavlov, V.A.; Tracey, K.J. The vagus nerve and the inflammatory reflex—Linking immunity and metabolism. Nat. Rev. Endocrinol.
2012, 8, 743–754. [CrossRef] [PubMed]

72. Bajaj, J.S.; Idilman, R.; Mabudian, L.; Hood, M.; Fagan, A.; Turan, D.; White, M.B.; Karakaya, F.; Wang, J.; Atalay, R.; et al. Diet
affects gut microbiota and modulates hospitalization risk differentially in an international cirrhosis cohort. Hepatology 2018, 68,
234–247. [CrossRef]

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

74. Duarte-Salles, T.; Fedirko, V.; Stepien, M.; Aleksandrova, K.; Bamia, C.; Lagiou, P.; Laursen, A.S.; Hansen, L.; Overvad, K.;
Tjønneland, A.; et al. Dietary fat, fat subtypes and hepatocellular carcinoma in a large European cohort. Int. J. Cancer 2015, 137,
2715–2728. [CrossRef]

75. Shen, W.; Gaskins, H.R.; McIntosh, M.K. Influence of dietary fat on intestinal microbes, inflammation, barrier function and
metabolic outcomes. J. Nutr. Biochem. 2014, 25, 270–280. [CrossRef] [PubMed]

76. Rong, Y.; Dong, Z.; Hong, Z.; Jin, Y.; Zhang, W.; Zhang, B.; Mao, W.; Kong, H.; Wang, C.; Yang, B.; et al. Reactivity toward
Bifidobacterium longum and Enterococcus hirae demonstrate robust CD8+ T cell response and better prognosis in HBV-related
hepatocellular carcinoma. Exp. Cell Res. 2017, 358, 352–359. [CrossRef] [PubMed]

77. 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]

78. Singh, V.; Yeoh, B.S.; Abokor, A.A.; Golonka, R.M.; Tian, Y.; Patterson, A.D.; Joe, B.; Heikenwalder, M.; Vijay-Kumar, M.
Vancomycin prevents fermentable fiber-induced liver cancer in mice with dysbiotic gut microbiota. Gut Microbes 2020, 11,
1077–1091. [CrossRef]

https://doi.org/10.1152/ajpgi.00134.2015
https://doi.org/10.1152/ajpgi.00155.2013
https://doi.org/10.1016/j.jhep.2022.02.030
https://www.ncbi.nlm.nih.gov/pubmed/35292350
https://doi.org/10.1038/s41586-022-04480-z
https://www.ncbi.nlm.nih.gov/pubmed/35296854
https://doi.org/10.1097/MD.0000000000007704
https://doi.org/10.1136/jitc-2022-004779
https://doi.org/10.1126/science.1241165
https://doi.org/10.3389/fimmu.2019.02525
https://www.ncbi.nlm.nih.gov/pubmed/31787967
https://doi.org/10.1038/cmi.2016.3
https://www.ncbi.nlm.nih.gov/pubmed/27063467
https://doi.org/10.3389/fonc.2020.01290
https://www.ncbi.nlm.nih.gov/pubmed/32850400
https://doi.org/10.1038/s41568-019-0237-2
https://www.ncbi.nlm.nih.gov/pubmed/31974491
https://doi.org/10.1038/s41577-019-0247-z
https://www.ncbi.nlm.nih.gov/pubmed/31848462
https://doi.org/10.1038/ncomms10517
https://www.ncbi.nlm.nih.gov/pubmed/26841680
https://doi.org/10.1126/science.1236361
https://www.ncbi.nlm.nih.gov/pubmed/23846904
https://doi.org/10.1038/s41598-021-95142-z
https://www.ncbi.nlm.nih.gov/pubmed/34341400
https://doi.org/10.4149/neo_2017_605
https://doi.org/10.1101/2024.01.23.576951
https://doi.org/10.1038/nrendo.2012.189
https://www.ncbi.nlm.nih.gov/pubmed/23169440
https://doi.org/10.1002/hep.29791
https://doi.org/10.1136/gutjnl-2015-309957
https://www.ncbi.nlm.nih.gov/pubmed/26416813
https://doi.org/10.1002/ijc.29643
https://doi.org/10.1016/j.jnutbio.2013.09.009
https://www.ncbi.nlm.nih.gov/pubmed/24355793
https://doi.org/10.1016/j.yexcr.2017.07.009
https://www.ncbi.nlm.nih.gov/pubmed/28694023
https://doi.org/10.1038/nature12347
https://doi.org/10.1080/19490976.2020.1743492


Biomedicines 2024, 12, 1797 15 of 15

79. Pinato, D.J.; Li, X.; Mishra-Kalyani, P.; D’Alessio, A.; Fulgenzi, C.A.M.; Scheiner, B.; Pinter, M.; Wei, G.; Schneider, J.; Rivera, D.R.;
et al. Association between antibiotics and adverse oncological outcomes in patients receiving targeted or immune-based therapy
for hepatocellular carcinoma. JHEP Rep. 2023, 5, 100747. [CrossRef]

80. Cheung, K.S.; Ka, L.L.; Leung, W.K. Antibiotics associated with lower survival in hepatocellular cancer patients receiving immune
checkpoint inhibitors independent of tumor status. Liver Cancer 2023, 12, 91–92. [CrossRef]

81. Dogra, S.K.; Doré, J.; Damak, S. Gut Microbiota Resilience: Definition, Link to Health and Strategies for Intervention. Front.
Microbiol. 2020, 11, 572921. [CrossRef] [PubMed]

82. El-Nezami, H.S.; Polychronaki, N.N.; Ma, J.; Zhu, H.; Ling, W.; Salminen, E.K.; Juvonen, R.O.; Salminen, S.J.; Poussa, T.; Mykkänen,
H.M. Probiotic supplementation reduces a biomarker for increased risk of liver cancer in young men from Southern China. Am. J.
Clin. Nutr. 2006, 83, 1199–1203. [CrossRef]

83. El-Nezami, H.; Mykkänen, H.; Kankaanpää, P.; Salminen, S.; Ahokas, J. Ability of Lactobacillus and Propionibacterium strains to
remove aflatoxin B1 from the chicken duodenum. J. Food Prot. 2000, 63, 549–552. [CrossRef]

84. Li, J.; Sung, C.Y.J.; Lee, N.; Ni, Y.; Pihlajamäki, J.; Panagiotou, G.; El-Nezami, H. Probiotics modulated gut microbiota suppresses
hepatocellular carcinoma growth in mice. Proc. Natl. Acad. Sci. USA 2016, 113, E1306–E1315. [CrossRef]

85. Zhang, H.L.; Yu, L.X.; Yang, W.; Tang, L.; Lin, Y.; Wu, H.; Zhai, B.; Tan, Y.X.; Shan, L.; Liu, Q.; et al. Profound impact of gut
homeostasis on chemically-induced pro-tumorigenic inflammation and hepatocarcinogenesis in rats. J. Hepatol. 2012, 57, 803–812.
[CrossRef] [PubMed]

86. Zhou, D.; Pan, Q.; Shen, F.; Cao, H.X.; Ding, W.J.; Chen, Y.W.; Fan, J.G. Total fecal microbiota transplantation alleviates high-fat
diet-induced steatohepatitis in mice via beneficial regulation of gut microbiota. Sci. Rep. 2017, 7, 1529. [CrossRef]

87. Davar, D.; Dzutsev, A.K.; McCulloch, J.A.; Rodrigues, R.R.; Chauvin, J.M.; Morrison, R.M.; Deblasio, R.N.; Menna, C.; Ding, Q.;
Pagliano, O.; et al. Fecal microbiota transplant overcomes resistance to anti-PD-1 therapy in melanoma patients. Science 2021, 371,
595–602. [CrossRef] [PubMed]

88. Baruch, E.N.; Youngster, I.; Ben-Betzalel, G.; Ortenberg, R.; Lahat, A.; Katz, L.; Adler, K.; Dick-Necula, D.; Raskin, S.; Bloch, N.;
et al. Fecal microbiota transplant promotes response in immunotherapy-refractory melanoma patients. Science 2021, 371, 602–609.
[CrossRef]

89. Björk, J.R.; Bolte, L.A.; Maltez Thomas, A.; Lee, K.A.; Rossi, N.; Wind, T.T.; Smit, L.M.; Armanini, F.; Asnicar, F.; Blanco-Miguez,
A.; et al. Longitudinal gut microbiome changes in immune checkpoint blockade-treated advanced melanoma. Nat. Med. 2024, 30,
785–796. [CrossRef]

90. Zheng, Y.; Wang, T.; Tu, X.; Huang, Y.; Zhang, H.; Tan, D.; Jiang, W.; Cai, S.; Zhao, P.; Song, R.; et al. Gut microbiome affects the
response to anti-PD-1 immunotherapy in patients with hepatocellular carcinoma. J. Immunother. Cancer 2019, 7, 193. [CrossRef]

91. Abenavoli, L.; Montori, M.; Svegliati Baroni, G.; Argenziano, M.E.; Giorgi, F.; Scarlata, G.G.M.; Ponziani, F.; Scarpellini, E.
Perspective on the Role of Gut Microbiome in the Treatment of Hepatocellular Carcinoma with Immune Checkpoint Inhibitors.
Medicina 2023, 59, 1427. [CrossRef] [PubMed]

92. Abenavoli, L.; Scarlata, G.G.M.; Paravati, M.R.; Boccuto, L.; Luzza, F.; Scarpellini, E. Gut Microbiota and Liver Transplantation:
Immune Mechanisms behind the Rejection. Biomedicines 2023, 11, 1792. [CrossRef] [PubMed]

93. Scarlata, G.G.M.; Cicino, C.; Spagnuolo, R.; Marascio, N.; Quirino, A.; Matera, G.; Dumitras, cu, D.L.; Luzza, F.; Abenavoli, L.
Impact of diet and gut microbiota changes in the development of hepatocellular carcinoma. Hepatoma Res. 2024, 10, 19. [CrossRef]

94. Bindels, L.B.; Porporato, P.; Dewulf, E.M.; Verrax, J.; Neyrinck, A.M.; Martin, J.C.; Scott, K.P.; Buc Calderon, P.; Feron, O.; Muccioli,
G.G.; et al. Gut microbiota-derived propionate reduces cancer cell proliferation in the liver. Br. J. Cancer 2012, 107, 1337–1344.
[CrossRef] [PubMed]

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

https://doi.org/10.1016/j.jhepr.2023.100747
https://doi.org/10.1159/000528824
https://doi.org/10.3389/fmicb.2020.572921
https://www.ncbi.nlm.nih.gov/pubmed/33042082
https://doi.org/10.1093/ajcn/83.5.1199
https://doi.org/10.4315/0362-028X-63.4.549
https://doi.org/10.1073/pnas.1518189113
https://doi.org/10.1016/j.jhep.2012.06.011
https://www.ncbi.nlm.nih.gov/pubmed/22727732
https://doi.org/10.1038/s41598-017-01751-y
https://doi.org/10.1126/science.abf3363
https://www.ncbi.nlm.nih.gov/pubmed/33542131
https://doi.org/10.1126/science.abb5920
https://doi.org/10.1038/s41591-024-02803-3
https://doi.org/10.1186/s40425-019-0650-9
https://doi.org/10.3390/medicina59081427
https://www.ncbi.nlm.nih.gov/pubmed/37629716
https://doi.org/10.3390/biomedicines11071792
https://www.ncbi.nlm.nih.gov/pubmed/37509432
https://doi.org/10.20517/2394-5079.2023.122
https://doi.org/10.1038/bjc.2012.409
https://www.ncbi.nlm.nih.gov/pubmed/22976799

	Introduction 
	Materials and Methods 
	Results 
	Current Medical and Therapeutic Umnet Needs in HCC Patients 
	Gut Microbiota Composition in Healthy Subjects and Liver Cancer Patients 
	Gut Microbiota and Liver Cancer Pathophysiology 
	Gut Microbiota, Bile Acids, Immunity, and Liver Cancer Pathophysiology 
	Gut Microbiota Interaction with Immune and Nervous Systems in HCC 

	Perspectives on Gut Microbiota Modulation in the Context of Liver Cancer 

	Conclusions 
	References

