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ABSTRACT

Liver cancer is usually diagnosed at an advanced stage and is the third most common cause of
cancer-related death worldwide. In addition to the lack of effective treatment options, resistance to
therapeutic drugs is a major clinical challenge. The gut microbiota has recently been recognized as
one of the key factors regulating host health. The microbiota and its metabolites can directly or
indirectly regulate gene expression in the liver, leading to gut-liver axis dysregulation, which is
closely related to liver cancer occurrence and the treatment response. Gut microbiota disturbance
may participate in tumor progression and drug resistance through metabolite production, gene
transfer, immune regulation, and other mechanisms. However, systematic reviews on the role of
the gut microbiota in drug resistance in liver cancer are lacking. Herein, we review the relationships
between the gut microbiota and the occurrence and drug resistance of hepatocellular carcinoma,
summarize the emerging mechanisms underlying gut microbiota-mediated drug resistance, and
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propose new personalized treatment options to overcome this resistance.

Introduction

To date, liver cancer remains one of the deadliest
and most challenging malignancies to treat effec-
tively worldwide. Despite recent therapeutic
advances, the 5-year survival rate of liver cancer
remains low." A major factor underlying the dismal
prognosis is the nearly universal development of
drug resistance.” Hepatocellular carcinoma (HCC)
is the most common pathological type of primary
liver cancer and accounts for ~90% of cases.
Therefore, this review focuses on the drug resis-
tance in HCC. HCC cells acquire a multitude of
genetic and epigenetic alterations that allow them
to evade the cytotoxic effects of chemotherapy,
posing a major obstacle to improving patient out-
comes. The most widely used first-line agent for
advanced HCC treatment is sorafenib. However,
the objective response rate to sorafenib monother-
apy is only 2-3%, with most patients developing
acquired resistance within 6-8 months.> Novel
molecular targeted drugs such as lenvatinib and
regorafenib provide marginal benefits over

sorafenib, underscoring the pressing need for com-
bination regimens to overcome resistance.”” In
addition to chemotherapy, immune checkpoint
inhibitors, a modality of cancer immunotherapy,
have reshaped the therapeutic prospects for multi-
ple types of tumors. Unfortunately, single-agent
immunotherapy has demonstrated only modest
therapeutic efficacy in HCC, with response rates
ranging from 10-20%.° This lack of efficacy high-
lights the existence of primary resistance pathways
that blunt antitumor immune responses in the
HCC microenvironment.” Dual immunotherapy
strategies are now being explored for their ability
to improve treatment efficacy, although complete
and durable responses remain uncommon.®
A clearer understanding of the precise molecular
alterations driving chemoresistance and immune
resistance in HCC is imperative for guiding the
development of rational combination therapies.
The gut microbiota is composed of bacteria,
viruses, fungi and other microbes and is the
most densely populated microbial community
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in the body.” Alterations in the gut microbiome,
known as dysbiosis, have been linked to tumor-
igenesis and tumor drug resistance. Microbial
mechanisms associated with tumorigenesis
include the production of toxic metabolites, gen-
otoxin-induced DNA damage, the activation of
cell proliferation signaling, and the establish-
ment of an inflammatory microenvironment."’
Specific bacterial pathogens, such as Helicobacter
hepaticus and Fusobacterium nucleatum, have
been associated with HCC.'"'* Moreover, fecal
microbiota transplantation (FMT) from cancer
patients into germ-free mice was found to pro-
mote hepatic tumor growth, confirming the role
of intestinal dysbiosis in hepatocarcinogenesis."”
In addition to contributing to tumor develop-
ment, the gut microbiota has been recognized as
a crucial variable influencing the response to
cancer pharmacotherapy. Microbial enzymes
can directly metabolize drugs in the intestinal
lumen, altering their bioavailability and
efficacy."® Bacterial products and metabolites
also modulate the expression of genes involved
in drug activation, inactivation, and
elimination.'” Furthermore, the microbiome
impacts host signaling pathways that are dysre-
gulated in malignancies as well as the antitumor
immune response.

In summary, emerging evidence over the
past decade suggests that the gut microbiota
may critically influence the response to cancer
treatment and the development of drug
resistance.'® The gut microbiota interacts dyna-
mically with the host through metabolic,
immune and homeostatic pathways. Microbial
products such as short-chain fatty acids provide
energy to intestinal cells, whereas bacterial
enzymes modify compounds involved in key
physiological processes.'” The gut microbiome
also regulates the maturation and function of
the host immune system. Dysbiosis can disrupt
this symbiotic relationship to promote chronic
inflammation, one of the hallmarks of
carcinogenesis.'® Consequently, deciphering
the mechanisms of microbiota-mediated resis-
tance may aid in the development of novel
combination therapies and the discovery of
predictive biomarkers to improve the prognosis
of liver cancer.

Impact of gut microbial dysbiosis on HCC
progression and the treatment response

Composition of the microbiota in HCC patients

The human gut microbiota is increasingly recog-
nized as an important factor influencing hepato-
carcinogenesis. With the advent of next-generation
sequencing, microbiome profiles associated with
HCC are beginning to be identified. Several studies
have delineated characteristic features of microbial
dysbiosis in patients across the spectrum of liver
disease.

In patients with chronic hepatitis B virus (HBV)
infection, the gut microbiota undergoes progres-
sive changes during the transition from chronic
hepatitis B to cirrhosis to HCC." Researchers
used internal transcribed spacer 2 (ITS2) rDNA
sequencing to analyze gut microbiota in stool sam-
ples from HCC patients and healthy people and
found that, compared with those from control
individuals, the relative abundance of beneficial
bacterial genera such as Faecalibacterium was
decreased and the relative abundance of opportu-
nistic pathogens such as Escherichia/Shigella was
increased in HCC patients. Reduced microbial
diversity is also more strongly associated with
HCC than with chronic hepatitis B alone.*”
Similar trends have been found for hepatitis
C virus (HCV) infection, with decrease in the rela-
tive abundance of butyrate-producing bacteria
from the order Clostridiales observed in patients
with HCV-related HCC.?' Fusobacterium spp. are
also enriched in HCV-infected patients with HCC
compared with those with cirrhosis, and this
enrichment is correlated with poorer outcomes.*
In one study, a large number of stool samples were
collected from patients with HCC, patients with
cirrhosis, and healthy controls from different
regions, and sequencing was performed with the
MiSeq system to analyze the gut microbiome. The
data revealed that fecal microbial diversity
increased during the progression of cirrhosis to
early HCC. The abundance of Actinobacteria was
increased in early HCC patients compared with
cirrhosis patients. Similarly, 13 genera, including
Gemmiger and Parabacteroides, were enriched in
early HCC patients compared with cirrhosis
patients.”> This study is a landmark study, which
not only provides the first characterization of the



gut microbiome of HCC patients, but also estab-
lishes a diagnostic model for HCC using microbial
markers.

Gut dysbiosis is pronounced in metabolic dys-
function-associated  steatotic  liver  disease
(MASLD) and its advanced form, metabolic dys-
function-associated steatohepatitis (MASH), in
addition to viral hepatitis and cirrhosis. MASLD
and MASH can progress to cirrhosis and HCC if
left untreated. The gut microbiomes of patients
with MASLD/MASH were found to be character-
ized by a reduced microbial diversity and the
expansion of bacteria populations of the
Enterobacteriaceae  and  Desulfovibrionaceae
families.”* Oral administration of stool from
MASH mice promoted MASLD progression in
germ-free mice compared to that with administra-
tion of stool from healthy controls, confirming the
direct role of dysbiosis in disease pathogenesis.*

Across diverse liver pathologies, several com-
mon microbial signatures associated with HCC
have been identified. These include overrepresen-
tation of gram-negative bacteria (e.g., Escherichia,
Klebsiella, and Fusobacterium), a lower relative
abundance of short-chain fatty acid producers
(e.g., Clostridium clusters), a greater abundance of
pathogens (e.g., Helicobacter), and lower overall
microbial richness/diversity than in non-HCC
controls.**?*’ Characterizing common patterns of
dysbiosis linked with neoplastic transformation
may enable the identification of microbiome-
based biomarkers to identify patients at highest
risk of HCC for targeted surveillance and preven-
tative treatment.

Impact of dysbiosis on gut—liver axis activity and
HCC treatment

The human gut microbiota interacts dynamically
with host physiology through metabolic, immune,
and homeostatic pathways. Disruption of this sym-
biotic relationship, a state termed dysbiosis, can
have far-reaching effects on liver function and pre-
dispose patients to more rapid hepatocarcinogen-
esis. The gut-liver axis facilitates multidirectional
communication among the intestinal microbiota,
intestinal barrier, liver parenchyma, and systemic
circulation to maintain hepatic and systemic home-
ostasis. However, chronic disruptions in signaling
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via this axis through dietary inputs, inflammation,
and other factors can lead to MASLD, facilitating
HCC development.”® Elucidating the mechanisms
by which dysregulation of gut—liver axis signaling
promotes carcinogenesis is key for the develop-
ment of targeted prevention and treatment strate-
gies. A “leaky gut” is a central contributor to many
pathological changes in the gut-—liver axis that
enable the development of MASLD and HCC.
Impaired intestinal barrier integrity allows the
translocation of bacteria, endotoxins, and toxic
metabolites into the portal circulation.”
Lipopolysaccharide (LPS), a component of the
outer membrane of gram-negative bacteria triggers
Toll-like receptor 4 signaling in Kupffer cells to
initiate hepatic inflammation through NF-kB acti-
vation and cytokine release. Secondary effects
include dyslipidemia and insulin resistance, which
further drive MASLD progression.*”

Changes in intestinal permeability arise from
broad shifts in the microbial composition, deple-
tion of beneficial bacterial species, and weakening
of tight junctions due to inflammatory mediators.”*
Gut dysbiosis and small intestinal bacterial over-
growth are closely linked with increased intestinal
permeability in patients across the MASLD
spectrum.”®> A reduced abundance of bacteria,
such as Faecalibacterium prausnitzii, that increase
mucosal integrity occurs in the setting of
MASLD.* Microbial metabolites such as short-
chain fatty acids nourish enterocytes and maintain
tight junctions, underscoring the relevance of the
microbial community structure to intestinal barrier
function.”* In addition to the increased transloca-
tion of bacteria and LPS, a leaky gut enables the
paracellular uptake of many compounds that pro-
mote hepatic inflammation and carcinogenesis.
Phosphatidylcholine metabolites such as choline,
glycine betaine, and carnitine are depleted in the
setting of MASLD, hindering their protective anti-
inflammatory effects in the liver.’® The transport of
toxic bile acids and metabolic byproducts exacer-
bates oxidative stress and injury. Increased trans-
port of drugs, dietary components, and
environmental chemicals to the liver also increases
susceptibility to DNA damage, fibrosis, and
tumorigenesis.3 o

In addition to affecting gut—liver axis signaling,
the microbial community structure has been
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reported to influence HCC progression and the
response to HCC therapy. Chronic inflammation
is a major driver of HCC development, and the gut
microbiota critically regulates inflammatory
responses. Bacterial products such as LPS activate
hepatic macrophages to stimulate NF-kB-mediated
cytokine and chemokine production.>” The result-
ing release of inflammatory mediators modulates
the tumor microenvironment to promote angio-
genesis, cell proliferation, and survival.*®
Dysbiosis increases the translocation of inflamma-
tory stimuli such as LPS across the intestinal
epithelium while also reducing the levels of anti-
inflammatory metabolites. Specific microbial
pathogens have been mechanistically linked with
hepatocarcinogenesis in  animal models.
H. hepaticus infection induces persistent hepatic
inflammation that progresses to dysplasia and
hepatic tumor development.”® Enterotoxigenic
Bacteroides fragilis, which is enriched in some
HCC patients, directly damages DNA through the
activity of its toxins.'' The oral pathobiont
Porphyromonas gingivalis accelerates MASLD and
MASH in mice, likely by increasing LPS-mediated
inflammation.*® Depleting such procarcinogenic
species may slow tumor progression. In addition
to its effects on inflammation, the microbiota influ-
ences HCC via other mechanisms. Bacterial (-
glucuronidase enzymes promote carcinogen
deconjugation and reactivation within the
intestine.*' The production of genotoxic hydrogen
sulfide and secondary bile acids, which cause DNA
damage, increases with increasing severity of dys-
biosis. A decrease in the relative abundance of
beneficial microbes such as Akkermansia spp. nega-
tively impacts mucosal barrier integrity, facilitating
greater toxin absorption.*?

With respect to HCC treatment, the microbiome
also appears to modulate sensitivity to chemother-
apy and immunotherapy. Antibiotic-induced dys-
biosis was found to reduce oxaliplatin efficacy in
HCC models, which was attributed to impaired
drug metabolism.'® This finding reveals new
approaches based on microbiome-targeted inter-
ventions to increase the efficacy of chemotherapeu-
tic drugs. A dynamic analysis of HCC patients
receiving anti-PD-1 immunotherapy revealed sig-
nificant differences in the P diversity of gut
microbes between immune responders and

nonresponders, with fecal samples from immunor-
esponsive patients showing greater taxonomic
richness and higher gene counts. With immu-
notherapy, the microbial composition in the
responders, which consisted mainly of
Myxomycetes and Ruminococci, remained relatively
stable. Proteus have also been found to become
dominant with treatment progression. These find-
ings suggest that the dynamic changes in gut
microbial diversity and composition during immu-
notherapy for HCC may affect drug efficacy and
disease prognosis and that monitoring these
changes may allow early prediction of the outcome
of immunotherapy in patients with HCC.*’

In summary, intestinal permeability facilitates
a cascade of pathological events in the gut-liver
axis that drive MASLD progression and HCC
development. Modulating the gut microbiota,
reducing bacterial translocation, and stabilizing
intestinal tight junctions are promising adjuvant
approaches for suppressing chronic hepatic inflam-
mation and associated malignant transformation.
Moreover, characterizing specific features of dys-
biosis that accelerate HCC progression and treat-
ment failure will inform the rational design of
microbiota-based prevention and treatment
strategies.

Multiple mechanisms underlying
microbiota-mediated drug resistance in HCC

Specific microbial species involved in HCC drug
resistance

While gut microbial dysbiosis broadly influences
hepatocarcinogenesis, key bacterial pathogens are
specifically implicated in promoting drug resis-
tance. Selective targeting of these resistance-
promoting species is a potential approach to
increase drug efficacy. F. nucleatum, one of the
bacteria associated with colorectal cancer, is an
oral anaerobe. It is also enriched in the stool of
HCC patients and induces chemoresistance.
F. nucleatum infection impairs cytotoxic T-cell
responses to create an immunosuppressive micro-
environment; the adhesin FadA, a virulence factor,
activates prosurvival signaling cascades by binding
E-cadherin on tumor cells.** Depletion of
F. nucleatum resensitized colon cancer cells to



chemotherapeutics in preclinical models. Similarly,
P. gingivalis translocates from the oral cavity to the
liver, where it accelerates MASLD progression by
increasing the levels of TNF-a, II-1P, galectin-3,
and pSmad2; the number of hepatic crown-like
structures (HCLSs); and the MASLD activity
score.*” It upregulates multidrug resistance trans-
porters in hepatic cancer cells while also activating
JAK1/AKT/STAT3  signaling to  suppress
apoptosis.*®*” P. gingivalis also decreases the ATP-
mediated activation of P2X7 receptors on dendritic
cells, which impedes the activation of the NLRP3/
ASC/caspase-1 inflammasome. P. gingivalis inhi-
bits IL-1P secretion and subsequently induces the
generation of IFN-y-producing tumor antigen-
specific CD8* T cells.*® Additionally, P. gingivalis
infection increases the number of myeloid-derived
suppressor cells, which impedes antitumor immu-
nity. Microbe-derived mithramycin A has demon-
strated particular efficacy against this pathogen.
The abundances of Bacteroides fragilis strains are
relatively high in HCC patients, where they induce
genotoxicity and interfere with tumor suppressor
pathways. Enterococcus faecalis produces extracel-
lular superoxide anions and hydroxyl radicals,
which contribute to oxidative liver injury.
Treatment with antibodies specific for E. faecalis
superoxide dismutase limits its carcinogenic
effects.*’

The need for targeted antimicrobial interven-
tions is underscored by evidence indicating that
broad-spectrum antibiotics can decrease che-
motherapeutic efficacy by depleting commensal
microbes such as Lachnospiraceae. While antibio-
tics may help to eliminate select resistance-
promoting pathogens, they also disrupt coloniza-
tion resistance and antitumor immunity.*® Overall,
identifying specific bacterial mediators of drug
resistance provides an opportunity to improve the
effects of cancer treatment through selective mod-
ulation of the microbiome. Table 1 summarizes the
microbes associated with HCC and liver disease
stages.

Effects of the microbiota on chemoresistance in HCC

Multiple lines of evidence indicate that the compo-
sition and functional capacity of the gut microbiota
modulate chemosensitivity and chemoresistance in

GUT MICROBES (&) 5

patients with HCC. Elucidating the mechanisms of
microbiota-mediated drug resistance can reveal
potential new approaches for improving treatment
efficacy. The existed mechanisms underlying the
acquired resistance of sorafenib include the upre-
gulation of drug efflux pumps, the activation of
bypass signaling cascades, and the dysregulation
of apoptotic pathways.”” One recent study reported
that HCC patients with an abundance of gut
Firmicutes, such as Clostridium spp., had signifi-
cantly longer progression-free survival when taking
sorafenib than did those with a predominance of
Bacteroidetes. Metabolites derived from Firmicutes
appear to increase the efficacy of sorafenib. This
increase may be due to the presence of
a microbiome that protects against the response
of tumors to chemotherapy. In addition, studies
have shown that antibiotic-treated mice and germ-
free mice exhibit poor responses to chemotherapy,
manifested by reduced cytokine production and
insufficient production of reactive oxygen species
after treatment.”® Antibiotic-induced microbiome
disruption has also been found to reduce the effec-
tiveness of chemotherapy in HCC models. Oral
vancomycin therapy decreases oxaliplatin sensitiv-
ity by eliminating gram-positive bacteria, conse-
quently decreasing the exposure of liver tissue to
cytoprotective short-chain fatty acids.'® Similarly,
ciprofloxacin impairs gemcitabine activity by
depleting commensals that metabolize the drug
into its active forms. These findings reveal how
antibiotic use may inadvertently promote che-
moresistance through nonspecific effects on the
microbiota. Specific pathogens also drive therapeu-
tic resistance in HCC. In one study, combined
biosignature analysis and in vivo/ex vivo experi-
ments revealed that the oral bacterium
F. nucleatum activated the autophagy pathway by
targeting the TLR4- and MYD88-dependent innate
immune signaling pathways and specific microor-
ganisms to induce chemoresistance. Later, 16S
rRNA sequencing and real-time polymerase chain
reaction (PCR) were used to examine the abun-
dance of F. nucleatum in patient tumor tissues,
which was found to be positively correlated with
the activation status of the autophagy pathway.'!
This study, via analysis of human clinical tissues by
approaches ranging from bioinformatics analysis
to animal/cell experiments, comprehensively
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Table 1. Microbiome constituents associated with drug resistance in HCC and liver disease stages.

Microbe Change in abundance Associated liver disease Effect/mechanism Ref.
Helicobacter hepaticus 1 Hepatitis; t persistent hepatic inflammation 39
HCC
Bacteroides fragilis | Intrahepatic cholestasis; t enterotoxin secretion 51-54
Alcohol-associated liver disease; t host cell DNA damage
Hepatic abscess t multidrug resistance protein expression
Porphyromonas gingivalis t MASLD; t LPS-mediated inflammation 40,45-47
MASH t TNF-q, II-1B, galectin-3, pSmad2 levels
t multidrug resistance transporter expression
| apoptosis
Akkermansia | MASLD; t mucosal barrier integrity 42,55-57
Metabolic dysfunction-associated t dendritic cell recruitment
fatty liver disease t T-cell activation
| toxin absorption
Fusobacterium nucleatum t HCG t autophagy pathway activity 11,58-60
Liver metastasis of tumor; t chemoresistance
Hepatic abscess; | cytotoxic T-cell responses
Liver failure
Enterococcus faecalis i Oxidative liver injury; t extracellular superoxide anion levels 49,61,62
Alcohol-associated liver disease; t hydroxyl radical levels
Liver cirrhosis
Clostridium | HCG; t short-chain fatty acid levels 26,27,56
MASLD
Faecalibacterium prausnitzii [ MASLD t mucosal barrier integrity 33,55
t butyrate-producing bacterial abundance
t dendritic cell recruitment
t T-cell activation
Bifidobacterium | Liver cirrhosis; t immunosuppressive effects 63-65
pseudocatenulatum Chronic hepatitis t anti-PD-1 resistance
t anti-inflammatory factor levels
Coprococcus | MASLD; | intestinal mucus layer damage 66-68
Hepatic encephalopathy
Escherichia i MASLD; t endothelial-to-mesenchymal transformation 69,70
Liver cirrhosis of liver sinusoidal endothelial cells
t inflammation
t fibrosis
| albumin production
Streptococcus i Alcohol-associated liver disease; t inflammation 71,72
MASH
Veillonella 1 Autoimmune hepatitis; t lipopolysaccharide biosynthesis 62,73-76
Alcohol-associated liver disease; t inflammation
HCG t intestinal epithelial barrier damage
Liver cirrhosis
confirmed the F. nucleatum-mediated chemoresis-  chemotherapy-induced  antitumor immune

tance. These findings are highly important for the
future detection and targeting of F. nucleatum and
its related pathways. Enterotoxigenic Bacteroides
fragilis increases the expression of multidrug resis-
tance proteins in HCC cells. Secreted Bacteroides
fragilis toxins can trigger a procarcinogenic multi-
step inflammatory cascade dependent on IL-17 R,
NF-kB, and STATS3 signaling and directly damage
host cell DNA.! Strategically targeting this species
and other resistance-promoting species may help
to overcome their deleterious effects.

Additionally, the gut microbiota shapes systemic
antitumor immunity, which in turn influences the
chemotherapeutic response. A landmark study
from Chung’s group revealed, for the first time,
the unexpected impact of gut microbes on

responses. In their study, 16S rRNA sequencing
and quantitative PCR analysis of intestinal mucosa-
associated flora in intestinal tissues from cyclopho-
sphamide-treated and untreated mice were per-
formed, and the results revealed that
cyclophosphamide can modify the composition of
the microbiota and induces the translocation of
specific species of gram-positive bacteria to sec-
ondary lymphatic organs. These bacteria stimulate
the production of a specific subset of “pathogenic”
Th17 cells exhibiting antitumor effects and elicit
memory T-cell immune responses. Tumor-bearing
mice treated with antibiotics targeting gram-
positive bacteria exhibited suppression of the
immune response. The tumors in these mice were
resistant to cyclophosphamide, but adoptive



transfer of Th17 cells partially restored the antitu-
mor effects of cyclophosphamide. These results
suggest that the gut microbiota influences the anti-
tumor immune response.’’ Microbiota-derived
short-chain fatty acids (such as valerate and buty-
rate) increase the production of effector molecules
such as CD25, IFN-y and TNF-a by increasing the
activity of mTOR, which functions as a central
metabolic sensor in cells, and by inhibiting the
activity of class I histone deacetylases. Moreover,
the infiltration and antitumor activity of antigen-
specific cytotoxic T lymphocytes and chimeric
antigen receptor (CAR)-T cells are significantly
increased.”” Overall, integrated modulation of the
structure, metabolites, and immune interactions of
the microbial community is a promising approach
to suppress chemoresistance mechanisms in the
context of HCC (Figure 1).

@
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Interplay between the microbiota and
immunotherapy resistance in HCC

The introduction of immune checkpoint inhibitors
has reshaped the treatment landscape in multiple
tumor types. However, single-agent immunother-
apy has demonstrated low efficacy in advanced
HCC. The gut microbiota is currently recognized
as a key variable influencing antitumor immune
responses and the emergence of immunotherapy
resistance. Modulation of the microbiome is
a promising approach to increase the efficacy of
immune checkpoint blockade therapy in HCC
patients.

Accumulating evidence highlights the role of the
gut microbiota in shaping systemic immunity.
Commensal microbes modulate the maturation
and activation of dendritic cells, macrophages,
granulocytes, innate lymphoid cells and various
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Figure 1. The effect of the microbiota on drug resistance in HCC. The intestinal microbiota can induce drug resistance by inhibiting
tumor cell apoptosis through JAK1/AKT/STAT3 signaling, through TLR4/MyD88-induced autophagy, by producing toxins to upregulate
multidrug resistance transporters, and through the production of ROS and cytokines that damage DNA in tumor cells. In terms of
suppressing chemoresistance, the intestinal microbiota can increase drug carrier sensitivity via the FOX03-FOXMT1 axis. In terms of
promoting immunotherapy resistance, the intestinal microbiota can upregulate EGFR and induce drug resistance by promoting PD-L1
transcription and expression through the RAS pathway and by inhibiting the activation of dendritic cells and T cells via NLRP3/ASC. In
terms of suppressing immunotherapy resistance, the intestinal microbiota can produce several metabolites that can activate the
mTOR signaling pathway to promote the production of IFN-y and TNF-a by T cells and inhibit drug resistance via AhR/IL-22. Some
metabolites can also directly promote TGF-B and IL-10 production to suppress drug resistance.
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T-cell subsets.®” Metabolites such as short-chain
fatty acids can increase the efficacy of PD-1 block-
ade therapy. This effect is due mainly to their
ability to promote the production of anti-
inflammatory cytokines and the differentiation of
Treg cells, induce a protective immune response
and improve epithelial barrier function.®"®
Specific species, such as Akkermansia muciniphila
and F. prausnitzii, have been demonstrated to
increase dendritic cell recruitment and peripheral
T-cell activation.® A eubiotic microbiome pro-
motes optimal priming of tumor-specific immu-
nity. In contrast, dysbiosis is linked to a blunted
response to immune checkpoint inhibitors across
cancers. Matson et al. analyzed the bacteria in fecal
samples from patients with metastatic melanoma
prior to immunotherapy via 16S rRNA gene
sequencing, macrogenomic shotgun sequencing,
and quantitative PCR. They found the bifidobacter-
ium abundance was positively correlated with the
anti-PD-1 patients.
Reconstitution of the gut microbiome of germ-

efficacy in melanoma
free mice by transfer of fecal material from patients
responding to therapy led to improved tumor con-
trol, augmented T-cell responses, and increased
efficacy of anti-PD-1 therapy.*® However, some
bacteria can activate the expression of the epider-
mal growth factor receptor (EGFR) by increasing
the release of heparin-bound epidermal growth
factor (HB-EGF).** Activation of the EGFR/RAS
pathway promotes PD-L1 transcription and
expression in tumor cells,*> which undoubtedly
decreases the efficacy of anti-PD-L1 therapy.
Antibiotic-induced dysbiosis has been shown to
impair immunotherapeutic control in multiple
tumor models. One proposed mechanism involves
the disruption of the commensal-derived signals
needed for cytotoxic T-cell activation and infiltra-
tion into the tumor microenvironment. Treatment
of mice with Bacteroides fragilis or adoptive trans-
ter of Bacteroides fragilis-specific T cells effectively
overcomes the lack of response to CTLA blockade
in antibiotic-treated mice and germ-free mice.*® In
one study, researchers collected fresh stool samples
from HCC patients before and during anti-PD-1

therapy and analyzed the microbiota via macroge-
nomic sequencing. The differentially enriched taxa
revealed an association between gut dysbiosis and
innate anti-PD-1 resistance in HCC patients. It was
the first study to examine the relationship between
the gut microbiome and the clinical response to
anti-PD-1
advanced HCC. Enriched taxa in responders are

immunotherapy in patients with

potential biomarkers for predicting the clinical
response and the intervention targets to overcome
the immunotherapy resistance. Bifidobacterium
pseudocatenulatum and Klebsiella pneumoniae are
selectively enriched in anti-PD-1 nonresponders
and may mediate treatment failure through immu-
nosuppressive effects.®® In addition, the presence of
Ruminococcus callidus predicts a good outcome of
immunotherapy in many tumors. For example, in
patients with HCC, a greater abundance of
R. callidus is associated with a better response to
anti-PD-1 therapy and a higher survival rate.
Metabolomic, microbiomic, macrogenomic, and
transcriptomic analyses of feces from patients
with enterocolitis and control individuals revealed
the reduced levels of secondary bile acids and
Ruminococcaceae in enterocolitis patients. Since
the Ruminococcaceae family is involved in the pro-
duction of secondary bile acids, a lack of
Ruminococcaceae may lead to increased intestinal
inflammation and further impacts on the host
immune system.”” FMT experiments have shown
that Ruminococcaceae can increase the infiltration
of IFN-y"CD8" T cells into tumors to enhance
antitumor immunity.**°° Counteracting dysbiosis
through modulation of the microbiome could thus
help to overcome primary resistance to immu-

notherapy in HCC patients.

In summary, the microbiota intricately regulates
multiple facets of antitumor immunity and represents
a promising target for increasing the efficacy of
immune checkpoint inhibitors (Figure 1). Defining
species that promote or protect against resistance,
optimizing synergistic microbe combinations, and



identifying predictive microbial biomarkers will be
key areas of continued investigation.

Microbial metabolism and its impact on drug
resistance mechanisms

The gut microbiota can directly metabolize and
biotransform many pharmaceutical compounds
through its vast enzymatic capacity. By modulating
the pharmacokinetics and bioavailability of antic-
ancer drugs, microbial metabolism critically influ-
ences therapeutic efficacy and resistance pathways
in HCC.

Sorafenib is the standard first-line therapeutic
agent for advanced HCC. In one study from
Edginton’s group, physiologically based pharma-
cokinetic analyses of sorafenib and its metabo-
lites in mice were conducted, and their data
revealed that the gut microbial enzymatic meta-
bolite B-glucuronidase
glucuronide conjugates into active sorafenib,
increasing systemic exposure through enterohe-

converts sorafenib-

patic recirculation.”’ However, this increased
reabsorption of sorafenib metabolites likely also
contributes to its dose-limiting
Inhibiting microbial B-glucuronidase activity
could allow the use of higher sorafenib doses to
overcome resistance. Capecitabine is an oral
5-fluorouracil prodrug commonly used to treat

toxicity.

gastrointestinal malignancies. Gut microbes
metabolize capecitabine into active 5-fluoroura-
cil, and the extent of this metabolism correlates
with treatment efficacy.”>*> 1In addition,
FOXM1 has been shown to promote HCC
progression.”* Ghosh et al. compared the effects
of single-agent (microbial metabolites/5-fluor-
ouracil) and combination (microbial metabolites
+ 5-fluorouracil) treatment on the chemoresis-
tant HCC cells. In comparison with 5-fluorour-
acil monotherapy, the combination of
5-fluorouracil with microbial metabolites signifi-
cantly decreased the viability, proliferation, and
invasiveness and induced the apoptosis of drug-
resistant tumor cells. Mechanistically, microbial
metabolites can sensitize drug transporters and

reduce drug efflux by regulating FOXO3-FOXM1
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axis signaling, thereby suppressing the progres-
sion of chemoresistant tumors.””> Butyrate and
other short-chain fatty acids induce the expres-
sion of key xenobiotic metabolism enzymes that
activate capecitabine.”® The enrichment of buty-
rate-producing bacteria such as F. prausnitzii
could thus increase capecitabine efficacy in
tumor patients. In a previous study from
Renga’s group, the effect of tryptophan metabo-
lite on the antitumor activity of immune check-
point blockade was evaluated using a mouse
tumor model, and the change in the microbiome
induced by tryptophan metabolites was analyzed
after FMT. Their results showed that tryptophan
metabolites could optimize the therapeutic effi-
cacy of immune checkpoint blockade by affecting
the composition and function of the microbiota
as well as activating the AhR/IL-22-dependent
pathway.”” Irinotecan is another prodrug; it is
metabolized into the active metabolite SN-38,
which undergoes glucuronidation and biliary
elimination. Moreover, SN-38 is reactivated by
microbial metabolic B-glucuronidases, contribut-
ing to dose-limiting diarrhea.”® Inhibiting bacter-
ial p-glucuronidase activity could thus allow the
use of higher irinotecan doses to overcome resis-
tance in HCC.

In summary, integrated modulation of the
microbial community structure, enzyme activity,
and metabolites that regulate drug metabolism is
a promising approach for suppressing chemoresis-
tance in HCC (Figure 1).

Therapeutic approaches and strategies

Potential strategies targeting microbiota to
overcome drug resistance

Modulation of the gut microbiome represents
a promising approach to increasing the efficacy of
chemotherapy and immunotherapy in patients
with advanced HCC. Integrated microbiota-
targeted strategies aim to deplete resistance-
promoting microbes, enrich synergistic commen-
sals, improve metabolic output, and counteract
pathological inflammation and immunosuppres-
sion. Selectively reducing the relative abundance
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of pathogens such as F. nucleatum that promote
chemoresistance is one potential approach.'’
While broad-spectrum antibiotics disrupt coloni-
zation resistance, narrow-spectrum alternatives or
bacteriophages could specifically eliminate harmful
species. Probiotics such as the Lactobacillus casei
strain Shirota may impede colonization by oppor-
tunistic pathogens.” Ultimately, defining the com-
positional features of a proinflammatory,
proresistance dysbiotic state will help to guide the
development of  microbiota-restructuring
approaches. Prebiotics and synbiotics can nourish
beneficial microbes with anti-inflammatory
and anticarcinogenic properties, such as
E. prausnitzii "> FMT is a new direct and effective
method for restoring intestinal probiotics and may
increase the efficacy of immune checkpoint inhibi-
tors. On the basis of changes in the intestinal
lamina propria and gene expression profiles in
peritumoral regions, FMT was significantly asso-
ciated with a transition of the immune system to
a state of immune surveillance. FMT is a promising
approach for cancer treatment, but it has not been
evaluated in clinical trials in HCC patients.'®!
Phages are the natural predators of bacteria, and
there are changes in the composition of bacterio-
phages in the intestinal tract in patients with liver
diseases.®” Phages that target gut bacteria have
been shown to reverse liver disease progression
and increase the tumor response to
chemotherapy.'*>'* In addition, the use of prebio-
tics and antibiotics can destroy harmful bacteria,
change the composition of the intestinal micro-
biota, and improve the microenvironment of the
liver.®>'** The use of genetically engineered bac-
teria for targeted therapy is attractive and promis-
ing. The specific microbes modified by genetic
engineering can not only become a transgenic
delivery framework but also regulate the composi-
tion, function and metabolites of the local flora.'*>"
97 All of these strategies are very important for
regulating the drug-resistant microenvironment
of HCC.

Targeting microbiota-derived metabolites is
another promising strategy to enhance the efficacy
of HCC therapy. It has been reported that the
enrichment of butyrate producers augments the
function of cytotoxic T cells and optimizes the
metabolism  of specific chemotherapeutic

prodrugs.'®®'% Deaminotyrosine, a microbial
metabolite, also promotes T-cell activation and
increases the immunotherapeutic efficacy of
immune checkpoint inhibitors."'® The develop-
ment of synergistic phytobiotic combinations tai-
lored to overcome unique resistance mechanisms
warrants investigation. Inhibiting specific bacterial
enzymes, such as B-glucuronidase, may suppress
drug metabolism, contributing to resistance.”®
Moreover, increases in the levels of short-chain
fatty acids, secondary bile acids, and other bioactive
compounds could synergize with chemotherapy by
exerting antiproliferative, proapoptotic, and
immunomodulatory effects.''!

The integrated modulation of microbial com-
munity structure, function, and metabolite pro-
duction  through  the above-mentioned
approaches has the potential to overcome multi-
faceted resistance mechanisms in HCC.
Continued mechanistic clarification of the
microbiome’s influence on the therapeutic
response and optimization in design of related
clinical trials will help to fill the knowledge gaps
in these emerging fields.

Development of microbiota-related therapeutic
strategies and future directions

The impact of the gut microbiota in HCC drug
resistance and the underlying molecular mechan-
ism are rather complex, but they have attracted
tremendous attention in the field. Elucidating the
multifaceted roles of the gut microbiome in mod-
ulating the therapeutic response in HCC patients
requires the integration of new conceptual frame-
works, animal models, and omics technologies.
The vast majority of human studies offer only
cross-sectional snapshots, obscuring cause—effect
relationships.”” Therefore, longitudinal profiling
of microbial dynamics from early carcinogenesis
through progression and treatment is expected to
provide critical insights into the temporal impacts
of dysbiosis on drug sensitivity. Models of dextran
sodium sulfate-induced colitis and diethylnitrosa-
mine-induced hepatocarcinogenesis can be used to
explore changes in the microbiota during inflam-
mation-driven hepatocarcinogenesis.112 Genetic
engineering and dietary induction models also



enable sequential analysis of the tumor micro-
biome from the initiation stage to the treatment
stage.'"> The use of patient-derived xenografts
allows the clinical investigation of paired micro-
biomes and pharmacologic responses during
tumor evolution.®® Integrated analysis of pharma-
cogenomic and microbiomic data may lead to the
identification of optimized combinatorial ecophar-
macological therapies."

Functional metagenomics moves beyond the
microbial composition to characterize the
immense metabolic potential of the microbiome.
Metagenomic sequencing can identify microbial
genes involved in drug activation, inactivation,
and efflux that can be targeted to increase drug
efficacy.''* Metatranscriptomics and metaproteo-
mics illuminate specific drug metabolism path-
ways that are activated and could be modulated.
Integrated analysis of pharmacokinetic and phar-
macodynamic data with functional metaomic
data provides unparalleled insight into
microbe-drug interactions.'* Causality testing
in gnotobiotic models is the gold standard
approach for validating keystone effects of
microbes on drug sensitivity. In terms of biolo-

gical models, the wuse of germ-free mice
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colonized with constituents of the microbiota
from responders or nonresponders helps to con-
firm dysbiosis-mediated outcomes, and the
transfer of microbiota into conventional mice
helps researchers assess the durability of
effects.”® Defined synthetic communities can be
used to delineate interactions between specific
commensals. The use of humanized mice colo-
nized with patient-derived microbiota allows
in vivo analysis of ecological dynamics.'’> Such
capitalization on ecological principles, multio-
mics datasets, and mechanistic models provides
immense potential for revealing the micro-
biome’s multifaceted impacts on therapeutic
resistance in HCC. Continued technological and
conceptual innovation promises to foster rapid
advancement in this burgeoning field.

In parallel, predictive microbial biomarkers are
emerging to enable the selection of personalized
therapy. Microbiome characterization also aids
the monitoring of dysbiosis correction. In sum-
mary, the integration of ecological principles, mul-
tiomics technologies, and precision approaches
facilitates the translation of microbiome research
into innovative clinical solutions for overcoming
drug resistance. The actualization of rationally

Healthy donor intestines Patient after transplantation

Restored healthy microbiota

e Fecal transplant

Healthy microbiota

Engineered bacteria and probiotic

Probiotics * Transfer dominant
¢ genes

*Regulate the

composition of flora
Recombinant and

screened bacteria

*Regulate metabolites

*Improve the drug-
resistant
microenvironment

Figure 2. Strategies for targeting the microbiota to overcome drug resistance in HCC. Microbiome analysis methods, such as
sequencing, genomic, transcriptomic, proteomic, metabolomic and epigenomic analyses, can improve our understanding of the
composition, function, metabolites and epigenetic regulation of the microbiome and subsequently reveal new therapeutic targets.
FMT regulates and restores the gut microbiota of the patient via the transfer of bacteria from the stool of a healthy person to the
intestines of the patient. Bacteriophages and antibiotics can destroy harmful microflora, improve the microbial microenvironment,
inhibit liver disease progression and increase drug sensitivity. The application of engineered bacteria and prebiotics can regulate the
composition and metabolite production of intestinal flora and improve the drug-resistant microenvironment.
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designed, microbiome-targeted treatments will
usher in a new era in HCC management (Figure 2).

Challenges and perspectives

In summary, the human gut microbiota has emerged
as a critical factor influencing the development, pro-
gression, and therapeutic response of HCC. In addi-
tion to immune dysregulation and the breakdown of
the intestinal epithelial barrier, the type and composi-
tion of the intestinal flora are significantly altered in
patients with HCC. Some bacteria affect the drug
resistance of HCC cells by regulating the local
immune response in the tumor environment, activat-
ing autophagic signaling, and regulating drug meta-
bolism. Chronic dysbiosis along the gut—liver axis
promotes systemic inflammation,''* modulates drug
metabolism,”® and enables the activation of multidi-
mensional resistance mechanisms that impose major
barriers to improving patient outcomes.'”! As
research has increasingly focused on the relationship
between the gut microbiota and HCC and its treat-
ment, the potential utility of ecology-based integrated
approaches that selectively target the microbiota and
its metabolites to reduce drug resistance by targeting
the regulation of the gut microbiota has been recog-
nized. This realization may lead to the development of
a new generation of comprehensive microbiome-
oriented treatment strategies.

Given that several technologies have shown
therapeutic advantages in HCC patients, there are
still some limitations in the existed studies and
many challenges in the application of above-
mentioned techniques. For example, FMT does
not guarantee the accurate transfer of gut micro-
organisms from donor to recipient, and some ben-
eficial flora may die during the transfer process.
Therefore, the development of new techniques for
FMT that can maximize the reconstruction of the
recipient’s gut microbiota is in urgent need. In
addition, after FMT, the recipient’s therapeutic
response is influenced by his/her unique gut micro-
biome or other factors, and does not always parallel
the donor’s clinical response. In addition, the clas-
sification of responders on the basis of the gut
microbiome and the screening criteria for FMT
donors should be further explored in future. In
terms of probiotic applications, the composition
of the gut microbiota is highly complex, and this

complexity imposes significant obstacles to the
exploration of probiotic—host interactions in cell
culture systems and animal models. Moreover,
when targeting microbial metabolites, it is difficult
to determine whether the source of the metabolite
is the host, the local microbiota or the probiotic.
Regarding phages, each phage can target only
a limited number of bacteria, and bacteria are likely
to develop tolerance when only a single phage is
used. Therefore, a strategy incorporating
a combination of phages may greatly increase the
therapeutic efficacy. Another major problem is the
lack of clear reports demonstrating the clinical
efficacy of phage therapy for overcoming drug
resistance in HCC. In addition, phages are
extracted during the bacterial extraction process
and contain high levels of endotoxins and other
supplements; thus, their safety needs to be noted.
Regarding genetically engineered bacteria, ques-
tions remain about how to ensure that the engi-
neered bacteria can effectively act on the target
flora and cells without harming healthy cells, and
how to prevent their clearance by the immune
system. More sophisticated methods of targeted
drug delivery need to be developed, perhaps by
modifying engineered bacteria to recognize specific
markers or by designing controlled release
mechanisms to deliver therapeutic agents precisely
where needed. Encapsulating engineered bacteria
in materials that protect them from immune recog-
nition or engineering bacteria to express proteins
that can be shielded from the immune system
might allow them to escape immune clearance
and be more effective. Finally, in terms of exploring
the influence of gut microbes on drug resistance in
HCC, the depth of research in extant studies is still
low. On one hand, most studies focused only on the
influence of gut microbes on specific therapeutic
effects, and many potential mechanisms underly-
ing drug resistance remain incompletely defined.
On the other hand, more preclinical results from
animal models and clinical trials are needed to
further clarify the efficacy of targeting gut microbes
to overcome drug resistance in HCC.

In conclusion, the gut microbiota is undoubtedly
a promising new lever to modulate in the bench and
clinical research, multiple tumors and modulation of
the gut microbiota is among the most promising
approaches for overcoming universal therapeutic



resistance in patients with advanced HCC.>»''>®

Due to the limited studies on the role of microbiota
in HCC drug resistance, more efforts should be
invested to solve the current problems and fill the
existing research gaps.

Acknowledgments

We appreciate Dr. Wei Liu (Naval Medical University,
Shanghai, China) for her help in writing the first draft.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

Supported by the National Natural Science Foundation of
China [82303184, 82473431], the National Key Laboratory
of Immunity and Inflammation, the Shanghai Key
Laboratory of Cell Engineering [14DZ2272300] and the
Innovation Program of the Shanghai Municipal Education
Commission [20230548].

Authors’ contributions

Jiali Yao drafted the manuscript in detail, generated and
corrected the figures, and constructed and compiled the
tables. Beifang Ning and Jin Ding critically revised the manu-
script for important intellectual content. All the authors
reviewed the manuscript.

Abbreviations

HCC Hepatocellular carcinoma

ITS2 Internal transcribed spacer 2

HBV Hepatitis B virus

HCV Hepatitis C virus

MASLD  Metabolic dysfunction-associated steatotic liver
disease

MASH Metabolic dysfunction-associated steatohepatitis

LPS Lipopolysaccharide

HCLSs Hepatic crown-like structures

EGFR Epidermal growth factor receptor

HB-EGF Heparin-bound epidermal growth factor

FMT Fecal microbiota transplantation

References

1. Ryerson AB, Eheman CR, Altekruse SF, Ward JW,
Jemal A, Sherman RL, Henley SJ, Holtzman D,
Lake A, Noone A-M, et al. Annual report to the nation

10.

11.

GUT MICROBES (&) 13

on the status of cancer, 1975-2012, featuring the
increasing incidence of liver cancer. Cancer. 2016;122
(9):1312-1337. d0i:10.1002/cncr.29936.

. Whittaker S, Marais R, Zhu AX. The role of signaling

pathways in the development and treatment of hepato-
cellular carcinoma. Oncogene. 2010;29(36):4989-5005.
doi:10.1038/0n¢.2010.236.

. Zhai B, Sun X-Y. Mechanisms of resistance to sorafenib

and the corresponding strategies in hepatocellular
carcinoma. World ] Hepatol. 2013;5(7):345-352.
doi:10.4254/wjh.v5.i7.345.

. Bruix J, Qin S, Merle P, Granito A, Huang Y-H,

Bodoky G, Pracht M, Yokosuka O, Rosmorduc O,
Breder V, et al. Regorafenib for patients with hepato-
cellular carcinoma who progressed on sorafenib treat-
ment (RESORCE): a randomised, double-blind,
placebo-controlled, phase 3 trial. Lancet. 2017;389
(10064):56-66. doi:10.1016/S0140-6736(16)32453-9.

. Kudo M, Finn RS, Qin S, Han K-H, Ikeda K, Piscaglia F,

Baron A, Park J-W, Han G, Jassem J, et al. Lenvatinib
versus sorafenib in first-line treatment of patients with
unresectable hepatocellular carcinoma: a randomised
phase 3 non-inferiority trial. Lancet. 2018;391
(10126):1163-1173. doi:10.1016/S0140-6736(18)30207-1.

. El-Khoueiry AB, Sangro B, Yau T, Crocenzi TS, Kudo M,

Hsu C, Kim T-Y, Choo S-P, Trojan J, Welling TH, et al.
Nivolumab in patients with advanced hepatocellular car-
cinoma (CheckMate  040): an open-label,
non-comparative, phase 1/2 dose escalation and expan-
sion trial. Lancet. 2017;389(10088):2492-2502. doi:10.
1016/S0140-6736(17)31046-2.

. Li B, Yan C, Zhu J, Chen X, Fu Q, Zhang H, Tong Z,

Liu L, Zheng Y, Zhao P, et al. Anti-PD-1/PD-L1 block-
ade immunotherapy employed in treating hepatitis
B virus infection-related advanced hepatocellular car-
cinoma: a literature review. Front Immunol.
2020;11:1037. doi:10.3389/fimmu.2020.01037.

. Kelley RK, Abou-Alfa GK, Bendell JC, Kim T-Y,

Borad M], Yong W-P, Morse M, Kang Y-K,
Rebelatto M, Makowsky M, et al. Phase I/II study of
durvalumab and tremelimumab in patients with unre-
sectable hepatocellular carcinoma (HCC): phase I safety
and efficacy analyses. ] Clin Oncol. 2017;35
(15_suppl):4073-4073. doi:10.1200/JC0O.2017.35.15_
suppl.4073.

. Bajaj JS, Heuman DM, Hylemon PB, Sanyal A]J,

White MB, Monteith P, Noble NA, Unser AB,
Daita K, Fisher AR, et al. Altered profile of human gut
microbiome is associated with cirrhosis and its
complications. ] Hepatol. 2014;60(5):940-947. doi:10.
1016/j.jhep.2013.12.019.

Lopez LR, Bleich RM, Arthur JC. Microbiota effects on
carcinogenesis: initiation, promotion, and progression.
Annu Rev Med. 2021;72(1):243-261. doi:10.1146/
annurev-med-080719-091604.

YuT, Guo F, Yu Y, Sun T, Ma D, Han J, Qian Y,
Kryczek I, Sun D, Nagarsheth N, et al. Fusobacterium


https://doi.org/10.1002/cncr.29936
https://doi.org/10.1038/onc.2010.236
https://doi.org/10.4254/wjh.v5.i7.345
https://doi.org/10.1016/S0140-6736(16)32453-9
https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1016/S0140-6736(17)31046-2
https://doi.org/10.1016/S0140-6736(17)31046-2
https://doi.org/10.3389/fimmu.2020.01037
https://doi.org/10.1200/JCO.2017.35.15_suppl.4073
https://doi.org/10.1200/JCO.2017.35.15_suppl.4073
https://doi.org/10.1016/j.jhep.2013.12.019
https://doi.org/10.1016/j.jhep.2013.12.019
https://doi.org/10.1146/annurev-med-080719-091604
https://doi.org/10.1146/annurev-med-080719-091604

14 (&) J YAOETAL

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

nucleatum promotes chemoresistance to colorectal can-
cer by modulating autophagy. Cell. 2017;170(3):548-
563.e16. do0i:10.1016/j.cell.2017.07.008.

Han X, Huang T, Han J. Cytokines derived from innate
lymphoid cells assist helicobacter hepaticus to aggra-
vate hepatocellular tumorigenesis in viral transgenic
mice. Gut Pathog. 2019;11(1):23. doi:10.1186/s13099-
019-0302-0.

Ren Y-D, Ye Z-S, Yang L-Z, Jin L-X, Wei W-],
Deng Y-Y, Chen X-X, Xiao C-X, Yu X-F, Xu H-Z,
et al. Fecal microbiota transplantation induces hepatitis
B virus e-antigen (HBeAg) clearance in patients with
positive HBeAg after long-term antiviral therapy.
Hepatol Baltim Md. 2017;65(5):1765-1768. doi:10.
1002/hep.29008.

Alexander JL, Wilson ID, Teare J, Marchesi JR,
Nicholson JK, Kinross JM. Gut microbiota modulation
of chemotherapy efficacy and toxicity. Nat Rev
Gastroenterol Hepatol. 2017;14(6):356-365. doi:10.
1038/nrgastro.2017.20.

Spanogiannopoulos P, Bess EN, Carmody RN,
Turnbaugh PJ. The microbial pharmacists within us:
a metagenomic view of xenobiotic metabolism. Nat Rev
Microbiol. 2016;14(5):273-287. doi:10.1038/nrmicro.
2016.17.

Geller LT, Barzily-Rokni M, Danino T, Jonas OH,
Shental N, Nejman D, Gavert N, Zwang Y,
Cooper ZA, Shee K, et al. Potential role of intratumor
bacteria in mediating tumor resistance to the che-
motherapeutic drug gemcitabine. Science. 2017;357
(6356):1156-1160. doi:10.1126/science.aah5043.
Clemente JC, Ursell LK, Parfrey LW, Knight R. The
impact of the gut microbiota on human health: an
integrative view. Cell. 2012;148(6):1258-1270. doi:10.
1016/j.cell.2012.01.035.

Plottel CS, Blaser MJ. Microbiome and malignancy.
Cell Host Microbe. 2011;10(4):324-335. doi:10.1016/j.
chom.2011.10.003.

Zhang L, Chen C, Chai D, Li C, Qiu Z, Kuang T, Liu L,
Deng W, Wang W. Characterization of the intestinal
fungal microbiome in patients with hepatocellular
carcinoma. J Transl Med. 2023;21(1):126. doi:10.1186/
$12967-023-03940-y.

Qin N, Yang F, Li A, Prifti E, Chen Y, Shao L, Guo J, Le
Chatelier E, Yao J, Wu L, et al. Alterations of the human
gut microbiome in liver cirrhosis. Nature. 2014;513
(7516):59-64. doi:10.1038/nature13568.

Yu J, Feng Q, Wong SH, Zhang D, Liang QY, Qin Y,
Tang L, Zhao H, Stenvang J, Li Y, et al. Metagenomic
analysis of faecal microbiome as a tool towards targeted
non-invasive biomarkers for colorectal cancer. Gut.
2017;66(1):70-78. doi:10.1136/gutjnl-2015-309800.
Abu-Shanab A, Quigley EMM. The role of the gut
microbiota in nonalcoholic fatty liver disease. Nat Rev
Gastroenterol Hepatol. 2010;7(12):691-701. doi:10.
1038/nrgastro.2010.172.

23.

24.

25.

26.

27.

28.

29.

30.

31.

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
(6):1014-1023. doi:10.1136/gutjnl-2017-315084.
Boursier J, Mueller O, Barret M, Machado M,
Fizanne L, Araujo-Perez F, Guy CD, Seed PC,
Rawls JF, David LA, et al. The severity of nonalcoholic
fatty liver disease is associated with gut dysbiosis and
shift in the metabolic function of the gut microbiota.
Hepatol Baltim Md. 2016;63(3):764-775. doi:10.1002/
hep.28356.

Le Roy T, Llopis M, Lepage P, Bruneau A, Rabot S,
Bevilacqua C, Martin P, Philippe C, Walker F, Bado A,
et al. Intestinal microbiota determines development of
non-alcoholic fatty liver disease in mice. Gut. 2013;62
(12):1787-1794. doi:10.1136/gutjnl-2012-303816.

Grat M, Wronka KM, Krasnodebski M, Masior L,
Lewandowski Z, Kosinska I, Grat K, Styputkowski J,
Rejowski S, Wasilewicz M, et al. Profile of gut micro-
biota associated with the presence of hepatocellular
cancer in patients with liver cirrhosis. Transpl Proc.
2016;48(5):1687-1691.  doi:10.1016/j.transproceed.
2016.01.077.

Ponziani FR, Bhoori S, Castelli C, Putignani L,
Rivoltini L, Del Chierico F, Sanguinetti M, Morelli D,
Paroni Sterbini F, Petito V, et al. Hepatocellular carci-
noma is associated with gut microbiota profile and
inflammation in nonalcoholic fatty liver disease.
Hepatol Baltim Md. 2019;69(1):107-120. doi:10.1002/
hep.30036.

Buzzetti E, Pinzani M, Tsochatzis EA. The multiple-hit
pathogenesis of non-alcoholic fatty liver disease
(NAFLD). Metabolism. 2016;65(8):1038-1048. doi:10.
1016/j.metabol.2015.12.012.

Gébele E, Dostert K, Hofmann C, Wiest R,
Scholmerich J, Hellerbrand C, Obermeier F. DSS
induced colitis increases portal LPS levels and enhances
hepatic inflammation and fibrogenesis in experimental
NASH. J Hepatol. 2011;55(6):1391-1399. doi:10.1016/j.
jhep.2011.02.035.

Szabo G, Petrasek J. Inflammasome activation and
function in liver disease. Nat Rev Gastroenterol
Hepatol. 2015;12(7):387-400. doi:10.1038/nrgastro.
2015.94.

Jakobsson HE, Rodriguez-Pifieiro AM, Schiitte A,
Ermund A, Boysen P, Bemark M, Sommer F,
Backhed F, Hansson GC, Johansson ME. The composi-
tion of the gut microbiota shapes the colon mucus
barrier. EMBO Rep. 2015;16(2):164-177. doi:10.
15252/embr.201439263.

Luther J, Garber JJ, Khalili H, Dave M, Bale SS, Jindal R,
Motola DL, Luther S, Bohr S, Jeoung SW, et al. Hepatic
injury in nonalcoholic steatohepatitis contributes to
altered intestinal permeability. Cell Mol Gastroenterol
Hepatol. 2015;1(2):222-232.€2. doi:10.1016/j.jcmgh.
2015.01.001.


https://doi.org/10.1016/j.cell.2017.07.008
https://doi.org/10.1186/s13099-019-0302-0
https://doi.org/10.1186/s13099-019-0302-0
https://doi.org/10.1002/hep.29008
https://doi.org/10.1002/hep.29008
https://doi.org/10.1038/nrgastro.2017.20
https://doi.org/10.1038/nrgastro.2017.20
https://doi.org/10.1038/nrmicro.2016.17
https://doi.org/10.1038/nrmicro.2016.17
https://doi.org/10.1126/science.aah5043
https://doi.org/10.1016/j.cell.2012.01.035
https://doi.org/10.1016/j.cell.2012.01.035
https://doi.org/10.1016/j.chom.2011.10.003
https://doi.org/10.1016/j.chom.2011.10.003
https://doi.org/10.1186/s12967-023-03940-y
https://doi.org/10.1186/s12967-023-03940-y
https://doi.org/10.1038/nature13568
https://doi.org/10.1136/gutjnl-2015-309800
https://doi.org/10.1038/nrgastro.2010.172
https://doi.org/10.1038/nrgastro.2010.172
https://doi.org/10.1136/gutjnl-2017-315084
https://doi.org/10.1002/hep.28356
https://doi.org/10.1002/hep.28356
https://doi.org/10.1136/gutjnl-2012-303816
https://doi.org/10.1016/j.transproceed.2016.01.077
https://doi.org/10.1016/j.transproceed.2016.01.077
https://doi.org/10.1002/hep.30036
https://doi.org/10.1002/hep.30036
https://doi.org/10.1016/j.metabol.2015.12.012
https://doi.org/10.1016/j.metabol.2015.12.012
https://doi.org/10.1016/j.jhep.2011.02.035
https://doi.org/10.1016/j.jhep.2011.02.035
https://doi.org/10.1038/nrgastro.2015.94
https://doi.org/10.1038/nrgastro.2015.94
https://doi.org/10.15252/embr.201439263
https://doi.org/10.15252/embr.201439263
https://doi.org/10.1016/j.jcmgh.2015.01.001
https://doi.org/10.1016/j.jcmgh.2015.01.001

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Mokhtari Z, Gibson DL, Hekmatdoost A. Nonalcoholic
fatty liver disease, the gut microbiome, and diet. Adv
Nutr Bethesda Md. 2017;8(2):240-252. d0i:10.3945/an.
116.013151.

Bischoff SC, Barbara G, Buurman W, Ockhuizen T,
Schulzke J-D, Serino M, Tilg H, Watson A, Wells JM.
Intestinal permeability—a new target for disease preven-
tion and therapy. BMC Gastroenterol. 2014;14(1):189.
doi:10.1186/s12876-014-0189-7.

Spencer MD, Hamp TJ], Reid RW, Fischer LM,
Zeisel SH, Fodor AA. Association between composition
of the human gastrointestinal microbiome and devel-
opment of fatty liver with choline deficiency.
Gastroenterology. 2011;140(3):976-986. doi:10.1053/j.
gastro.2010.11.049.

Leung C, Rivera L, Furness JB, Angus PW. The role of
the gut microbiota in NAFLD. Nat Rev Gastroenterol
Hepatol. 2016;13(7):412-425. doi:10.1038/nrgastro.
2016.85.

Szabo G, Bala S, Petrasek J, Gattu A. Gut-liver axis and
sensing microbes. Dig Dis. 2010;28(6):737-744. doi:10.
1159/000324281.

Weston CR, Davis R]. The JNK signal transduction
pathway. Curr Opin Cell Biol. 2007;19(2):142-149.
doi:10.1016/j.ceb.2007.02.001.

Fox ]G, Ge Z, Whary MT, Erdman SE, Horwitz BH.
Helicobacter hepaticus infection in mice: models for
understanding lower bowel inflammation and cancer.
Mucosal Immunol. 2011;4(1):22-30. doi:10.1038/mi.
2010.61.

Kuraji R, Shiba T, Dong TS, Numabe Y, Kapila YL.
Periodontal treatment and microbiome-targeted ther-
apy in management of periodontitis-related nonalco-
holic fatty liver disease with oral and gut dysbiosis.
World J Gastroenterol. 2023;29(6):967-996. doi:10.
3748/wjg.v29.i6.967.

Gloux K, Berteau O, El Oumami H, Béguet F,
Leclerc M, Doré J. A metagenomic B-glucuronidase
uncovers a core adaptive function of the human intest-
inal microbiome. Proc Natl Acad Sci USA. 2011;Suppl
108(supplement_1):4539-4546. doi:10.1073/pnas.
1000066107.

Wang K, Wu W, Wang Q, Yang L, Bian X, Jiang X,
Lv L, Yan R, Xia J, Han §, et al. The negative effect of
Akkermansia muciniphila-mediated post-antibiotic
reconstitution of the gut microbiota on the develop-
ment of colitis-associated colorectal cancer in mice.
Front Microbiol. 2022;13:932047. doi:10.3389/fmicb.
2022.932047.

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. ] Immunother
Cancer. 2019;7(1):193. doi:10.1186/540425-019-0650-9.
Rubinstein MR, Baik JE, Lagana SM, Han RP, Raab W],
Sahoo D, Dalerba P, Wang TC, Han YW.
Fusobacterium nucleatum promotes colorectal cancer

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

GUT MICROBES (&) 15

by inducing Wnt/B-catenin modulator annexin Al.
EMBO Rep. 2019;20(4):e47638. doi:10.15252/embr.
201847638.

Nagasaki A, Sakamoto S, Arai T, Kato M, Ishida E,
Furusho H, Fujii M, Takata T, Miyauchi M.
Elimination of porphyromonas gingivalis inhibits liver
fibrosis and inflammation in NASH. ] Clin Periodontol.
2021;48(10):1367-1378. doi:10.1111/jcpe.13523.
Gholizadeh P, Eslami H, Yousefi M, Asgharzadeh M,
Aghazadeh M, Kafil HS. Role of oral microbiome on
oral cancers, a review. Biomed Pharmacother
Biomedecine Pharmacother. 2016;84:552-558. doi:10.
1016/j.biopha.2016.09.082.

Mao S, Park Y, Hasegawa Y, Tribble GD, James CE,
Handfield M, Stavropoulos MF, Yilmaz O, Lamont R].
Intrinsic apoptotic pathways of gingival epithelial cells
modulated by porphyromonas gingivalis. Cell
Microbiol. 2007;9(8):1997-2007. doi:10.1111/j.1462-
5822.2007.00931.x.

Aymeric L, Apetoh L, Ghiringhelli F, Tesniere A,
Martins I, Kroemer G, Smyth MJ, Zitvogel L. Tumor
cell death and ATP release prime dendritic cells and
efficient anticancer immunity. Cancer Res. 2010;70
(3):855-858. d0i:10.1158/0008-5472.CAN-09-3566.
Wang X, Yang Y, Huycke MM. Commensal bacteria
drive endogenous transformation and tumour stem cell
marker expression through a bystander effect. Gut.
2015;64(3):459-468. doi:10.1136/gutjnl-2014-307213.
Viaud S, Saccheri F, Mignot G, Yamazaki T, Daillére R,
Hannani D, Enot DP, Pfirschke C, Engblom C,
Pittet MJ, et al. The intestinal microbiota modulates
the anticancer immune effects of cyclophosphamide.
Science. 2013;342(6161):971-976. doi:10.1126/science.
1240537.

Chung L, Thiele Orberg E, Geis AL, Chan JL, Fu K,
DeStefano Shields CE, Dejea CM, Fathi P, Chen J,
Finard BB, et al. Bacteroides fragilis toxin coordinates
a pro-carcinogenic inflammatory cascade via targeting
of colonic epithelial cells. Cell Host Microbe. 2018;23
(2):203-214.€5. d0i:10.1016/j.chom.2018.01.007 .
Tang B, Tang L, Li S, Liu S, He ], Li P, Wang S, Yang M,
Zhang L, Lei Y, et al. Gut microbiota alters host bile
acid metabolism to contribute to intrahepatic cholesta-
sis of pregnancy. Nat Commun. 2023;14(1):1305.
doi:10.1038/s41467-023-36981-4.

Wang Q, Li Y, Lv L, Jiang H, Yan R, Wang S, Lu Y,
Wu Z, Shen J, Jiang S, et al. Identification of a protective
Bacteroides strain of alcoholic liver disease and its
synergistic effect with pectin. Appl Microbiol
Biotechnol. 2022;106(9-10):3735-3749. d0i:10.1007/
s00253-022-11946-7.

Syed HR, Tellez Watson P. Giant liver infections: cryp-
togenic liver abscess secondary to Bacteroides fragilis.
Cureus. 2022;14:€26283. doi:10.7759/cureus.26283.
Belcheva A, Irrazabal T, Robertson S, Streutker C,
Maughan H, Rubino S, Moriyama E, Copeland ],
Surendra A, Kumar S, et al. Gut microbial metabolism


https://doi.org/10.3945/an.116.013151
https://doi.org/10.3945/an.116.013151
https://doi.org/10.1186/s12876-014-0189-7
https://doi.org/10.1053/j.gastro.2010.11.049
https://doi.org/10.1053/j.gastro.2010.11.049
https://doi.org/10.1038/nrgastro.2016.85
https://doi.org/10.1038/nrgastro.2016.85
https://doi.org/10.1159/000324281
https://doi.org/10.1159/000324281
https://doi.org/10.1016/j.ceb.2007.02.001
https://doi.org/10.1038/mi.2010.61
https://doi.org/10.1038/mi.2010.61
https://doi.org/10.3748/wjg.v29.i6.967
https://doi.org/10.3748/wjg.v29.i6.967
https://doi.org/10.1073/pnas.1000066107
https://doi.org/10.1073/pnas.1000066107
https://doi.org/10.3389/fmicb.2022.932047
https://doi.org/10.3389/fmicb.2022.932047
https://doi.org/10.1186/s40425-019-0650-9
https://doi.org/10.15252/embr.201847638
https://doi.org/10.15252/embr.201847638
https://doi.org/10.1111/jcpe.13523
https://doi.org/10.1016/j.biopha.2016.09.082
https://doi.org/10.1016/j.biopha.2016.09.082
https://doi.org/10.1111/j.1462-5822.2007.00931.x
https://doi.org/10.1111/j.1462-5822.2007.00931.x
https://doi.org/10.1158/0008-5472.CAN-09-3566
https://doi.org/10.1136/gutjnl-2014-307213
https://doi.org/10.1126/science.1240537
https://doi.org/10.1126/science.1240537
https://doi.org/10.1016/j.chom.2018.01.007
https://doi.org/10.1038/s41467-023-36981-4
https://doi.org/10.1007/s00253-022-11946-7
https://doi.org/10.1007/s00253-022-11946-7
https://doi.org/10.7759/cureus.26283

16 (&) J. YAOETAL

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

drives transformation of MSH2-deficient colon epithe-
lial cells. Cell. 2014;158(2):288-299. doi:10.1016/j.cell.
2014.04.051.

Vallianou N, Christodoulatos GS, Karampela I,
Tsilingiris D, Magkos F, Stratigou T, Kounatidis D,
Dalamaga M. Understanding the role of the gut
microbiome and microbial metabolites in
non-alcoholic fatty liver disease: current evidence
and perspectives. Biomolecules. 2021;12(1):56.
doi:10.3390/biom12010056.

Rao Y, Kuang Z, Li C, Guo S, Xu Y, Zhao D, Hu Y,
Song B, Jiang Z, Ge Z, et al. Gut Akkermansia mucini-
phila ameliorates metabolic dysfunction-associated
fatty liver disease by regulating the metabolism of
L-aspartate via gut-liver axis. Gut Microbes. 2021;13
(1):1-19. doi:10.1080/19490976.2021.1927633.

Yin H, Miao Z, Wang L, Su B, Liu C, Jin Y, Wu B,
Han H, Yuan X. Fusobacterium nucleatum promotes
liver metastasis in colorectal cancer by regulating the
hepatic immune niche and altering gut microbiota.
Aging. 2022;14(4):1941-1958. doi:10.18632/aging.
203914.

Swaminathan N, Aguilar F. Cryptogenic pyogenic liver
abscess due to Fusobacterium nucleatum in an immu-
nocompetent patient. Eur J Case Rep Intern Med.
2020;7:001741.

Cao P, Chen Q, Shi C, Wang L, Gong Z. Fusobacterium
nucleatum promotes the development of acute liver
failure by inhibiting the NAD+ salvage metabolic
pathway. Gut Pathog. 2022;14(1):29. doi:10.1186/
$13099-022-00503-2.

Colakoglu M, Xue J, Trajkovski M. Bacteriophage pre-
vents alcoholic liver disease. Cell. 2020;180(2):218-220.
doi:10.1016/j.cell.2019.12.034.

Hsu CL, Schnabl B. The gut-liver axis and gut micro-
biota in health and liver disease. Nat Rev Microbiol.

2023;21(11):719-733. d0i:10.1038/541579-023-00904-3 .

Mao J, Wang D, Long J, Yang X, Lin ], Song Y, Xie F,
Xun Z, Wang Y, Wang Y, et al. Gut microbiome is
associated with the clinical response to anti-PD-1
based immunotherapy in hepatobiliary cancers.
] Immunother Cancer. 2021;9(12):e003334. doi:10.
1136/jitc-2021-003334.

Moratalla A, Caparrds E, Juanola O, Portune K, Puig-
Kroger A, Estrada-Capetillo L, Bellot P, Gémez-
Hurtado I, Piflero P, Zapater P, et al. Bifidobacterium
pseudocatenulatum CECT7765 induces an M2
anti-inflammatory transition in macrophages from
patients with cirrhosis. ] Hepatol. 2016;64(1):135-145.
doi:10.1016/j.jhep.2015.08.020.

Moratalla A, Gémez-Hurtado I, Moya-Pérez A,
Zapater P, Peird G, Gonzélez-Navajas JM, Gémez Del
Pulgar EM, Such J, Sanz Y, Francés R. Bifidobacterium
pseudocatenulatum  CECT7765  promotes a
TLR2-dependent anti-inflammatory response in intest-
inal lymphocytes from mice with cirrhosis. Eur ] Nutr.
2016;55(1):197-206. doi:10.1007/s00394-015-0837-x.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Wan H, Wang Y, Zhang H, Zhang K, Chen Y, Chen C,
Zhang W, Xia F, Wang N, Lu Y. Chronic lead exposure
induces fatty liver disease associated with the variations
of gut microbiota. Ecotoxicol Environ Saf.
2022;232:113257. doi:10.1016/j.ecoenv.2022.113257.

Li M, Li K, Tang S, Lv Y, Wang Q, Wang Z, Luo B,
Niu J, Zhu Y, Guo W, et al. Restoration of the gut
microbiota is associated with a decreased risk of hepatic
encephalopathy after TIPS. JHEP Rep Innov Hepatol.
2022;4(5):100448. do0i:10.1016/j.jhepr.2022.100448.
Zhang B, Fan X, Du H, Zhao M, Zhang Z, Zhu R, He B,
Zhang Y, Li X, Li J, et al. Foodborne carbon dot expo-
sure induces insulin resistance through gut microbiota
dysbiosis and damaged intestinal mucus layer. ACS
Nano. 2023;17(6):6081-6094. doi:10.1021/acsnano.
3c01005.

Shen B, Gu T, Shen Z, Zhou C, Guo Y, Wang J, Li B,
Xu X, Li F, Zhang Q, et al. Escherichia coli promotes
endothelial to mesenchymal transformation of liver
sinusoidal endothelial cells and exacerbates nonalco-
holic fatty liver disease via its flagellin. Cell Mol
Gastroenterol Hepatol. 2023;16(6):857-879. doi:10.
1016/j.jcmgh.2023.08.001.

Natsui K, Tsuchiya A, Imamiya R, Osada-Oka M,
Ishii Y, Koseki Y, Takeda N, Tomiyoshi K,
Yamazaki F, Yoshida Y, et al. Escherichia coli-derived
outer-membrane vesicles induce immune activation
and progression of cirrhosis in mice and humans.
Liver Int Off J Int Asso Study Liver. 2023;43
(5):1126-1140. doi:10.1111/1liv.15539.

Zhong X, Cui P, Jiang J, Ning C, Liang B, Zhou J,
Tian L, Zhang Y, Lei T, Zuo T, et al. Streptococcus,
the predominant bacterium to predict the severity of
liver injury in alcoholic liver disease. Front Cell Infect
Microbiol. 2021;11:649060. doi:10.3389/fcimb.2021.
649060.

Naka S, Nomura R, Takashima Y, Okawa R,
Ooshima T, Nakano K. A specific Streptococcus
mutans strain aggravates non-alcoholic fatty liver
disease. Oral Dis. 2014;20(7):700-706. doi:10.1111/0di.
12191.

Wei Y, Li Y, Yan L, Sun C, Miao Q, Wang Q, Xiao X,
Lian M, Li B, Chen Y, et al. Alterations of gut micro-
biome in autoimmune hepatitis. Gut. 2020;69
(3):569-577. doi:10.1136/gutjnl-2018-317836.

Zhang W, Xu X, Cai L, Cai X. Dysbiosis of the gut
microbiome in elderly patients with hepatocellular
carcinoma. Sci Rep. 2023;13(1):7797. do0i:10.1038/
$41598-023-34765-w.

Aliwa B, Horvath A, Traub J, Feldbacher N, Habisch H,
Fauler G, Madl T, Stadlbauer V. Altered gut micro-
biome, bile acid composition and metabolome in sar-
copenia in liver cirrhosis. J Cachexia Sarcopenia
Muscle. 2023;14(6):2676-2691. doi:10.1002/jcsm.13342.
Agarwala S, Naik B, Ramachandra NB. Mucosa-
associated specific bacterial species disrupt the intest-
inal epithelial barrier in the autism phenome. Brain


https://doi.org/10.1016/j.cell.2014.04.051
https://doi.org/10.1016/j.cell.2014.04.051
https://doi.org/10.3390/biom12010056
https://doi.org/10.1080/19490976.2021.1927633
https://doi.org/10.18632/aging.203914
https://doi.org/10.18632/aging.203914
https://doi.org/10.1186/s13099-022-00503-2
https://doi.org/10.1186/s13099-022-00503-2
https://doi.org/10.1016/j.cell.2019.12.034
https://doi.org/10.1038/s41579-023-00904-3
https://doi.org/10.1136/jitc-2021-003334
https://doi.org/10.1136/jitc-2021-003334
https://doi.org/10.1016/j.jhep.2015.08.020
https://doi.org/10.1007/s00394-015-0837-x
https://doi.org/10.1016/j.ecoenv.2022.113257
https://doi.org/10.1016/j.jhepr.2022.100448
https://doi.org/10.1021/acsnano.3c01005
https://doi.org/10.1021/acsnano.3c01005
https://doi.org/10.1016/j.jcmgh.2023.08.001
https://doi.org/10.1016/j.jcmgh.2023.08.001
https://doi.org/10.1111/liv.15539
https://doi.org/10.3389/fcimb.2021.649060
https://doi.org/10.3389/fcimb.2021.649060
https://doi.org/10.1111/odi.12191
https://doi.org/10.1111/odi.12191
https://doi.org/10.1136/gutjnl-2018-317836
https://doi.org/10.1038/s41598-023-34765-w
https://doi.org/10.1038/s41598-023-34765-w
https://doi.org/10.1002/jcsm.13342

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Behav Immun Health. 2021;15:100269. doi:10.1016/j.
bbih.2021.100269.

Abou-Alfa GK, Schwartz L, Ricci S, Amadori D,
Santoro A, Figer A, De Greve J, Douillard J-Y,
Lathia C, Schwartz B, et al. Phase II study of sorafenib
in patients with advanced hepatocellular carcinoma.
J Clin Oncol Off ] Am Soc Clin Oncol. 2006;24
(26):4293-4300. doi:10.1200/JC0O.2005.01.3441.

Iida N, Dzutsev A, Stewart CA, Smith L, Bouladoux N,
Weingarten RA, Molina DA, Salcedo R, Back T,
Cramer S, et al. Commensal bacteria control cancer
response to therapy by modulating the tumor
microenvironment. Science. 2013;342(6161):967-970.
doi:10.1126/science.1240527.

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(1):4077. doi:10.1038/
s41467-021-24331-1.

Thaiss CA, Zmora N, Levy M, Elinav E. The micro-
biome and innate immunity. Nature. 2016;535
(7610):65-74. doi:10.1038/nature18847.

Rooks MG, Garrett WS. Gut microbiota, metabolites
and host immunity. Nat Rev Immunol. 2016;16
(6):341-352. d0i:10.1038/nri.2016.42.

Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G,
Takahashi D, Nakanishi Y, Uetake C, Kato K, Kato T,
et al. Commensal microbe-derived butyrate induces the
differentiation of colonic regulatory T cells. Nature.
2013;504(7480):446-450. doi:10.1038/nature12721.
Matson V, Fessler J, Bao R, Chongsuwat T, Zha Y,
Alegre M-L, Luke JJ, Gajewski TF. The commensal
microbiome is associated with anti-PD-1 efficacy in
metastatic melanoma patients. Science. 2018;359
(6371):104-108. doi:10.1126/science.aa03290.

Gu Y, Wang C, Qin X, Zhou B, Liu X, Liu T, Xie R,
Liu J, Wang B, Cao H. Saccharomyces boulardii, a yeast
probiotic, inhibits gut motility through upregulating
intestinal serotonin transporter and modulating gut
microbiota. Pharmacol Res. 2022;181:106291. doi:10.
1016/j.phrs.2022.106291.

Yi M, Zheng X, Niu M, Zhu S, Ge H, Wu K.
Combination strategies with PD-1/PD-L1 blockade:
current advances and future directions. Mol Cancer.
2022;21(1):28. doi:10.1186/s12943-021-01489-2.
Vétizou M, Pitt JM, Daillere R, Lepage P,
Waldschmitt N, Flament C, Rusakiewicz S, Routy B,
Roberti MP, Duong CPM, et al. Anticancer immu-
notherapy by CTLA-4 blockade relies on the gut
microbiota.  Science. 2015;350(6264):1079-1084.
doi:10.1126/science.aad1329.

Sinha SR, Haileselassie Y, Nguyen LP, Tropini C,
Wang M, Becker LS, Sim D, Jarr K, Spear ET,
Singh G, et al. Dysbiosis-induced secondary bile acid
deficiency promotes intestinal inflammation. Cell Host

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

GUT MICROBES (&) 17

Microbe. 2020;27(4):659-670.e5. do0i:10.1016/j.chom.
2020.01.021.

Gopalakrishnan V, Spencer CN, Nezi L, Reuben A,
Andrews MC, Karpinets TV, Prieto PA, Vicente D,
Hoffman K, Wei SC, et al. Gut microbiome modulates
response to anti-PD-1 immunotherapy in melanoma
patients. Science. 2018;359(6371):97-103. doi:10.1126/
science.aan4236.

Baruch EN, 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(6529):602-609. doi:10.
1126/science.abb5920.

Davar D, Dzutsev AK, McCulloch JA, Rodrigues RR,
Chauvin J-M, Morrison RM, Deblasio RN, Menna C,
Ding Q, Pagliano O, et al. Fecal microbiota transplant
overcomes resistance to anti-PD-1 therapy in mela-
noma patients. Science. 2021;371(6529):595-602.
doi:10.1126/science.abf3363.

Edginton AN, Zimmerman EI, Vasilyeva A, Baker SD,
Panetta JC. Sorafenib metabolism, transport, and enter-
ohepatic recycling: physiologically based modeling and
simulation in mice. Cancer Chemother Pharmacol.
2016;77(5):1039-1052. doi:10.1007/s00280-016-3018-6 .
Aarnoutse R, Ziemons ], de Vos-Geelen ], Valkenburg-
van lersel L, Wildeboer ACL, Vievermans A,
Creemers GJM, Baars A, Vestjens HJHM]J, Le GN,
et al. The role of intestinal microbiota in metastatic
colorectal cancer patients treated with capecitabine.
Clin Colorectal Cancer. 2022;21(2):e87-€97. doi:10.
1016/j.clcc.2021.10.004.

Alzahrani SM, Al Doghaither HA, Al-Ghafari AB,
Pushparaj PN. 5-Fluorouracil and capecitabine thera-
pies for the treatment of colorectal cancer (review).
Oncol Rep. 2023;50(4):175. doi:10.3892/0r.2023.8612.
Hu G, Yan Z, Zhang C, Cheng M, Yan Y, Wang Y,
Deng L, Lu Q, Luo S. FOXM1 promotes hepatocellular
carcinoma progression by regulating KIF4A expression.
J Exp Clin Cancer Res. 2019;38(1):188. doi:10.1186/
$13046-019-1202-3.

Ghosh S, Singh R, Vanwinkle ZM, Guo H, Vemula PK,
Goel A, Haribabu B, Jala VR. Microbial metabolite
restricts 5-fluorouracil-resistant colonic tumor progres-
sion by sensitizing drug transporters via regulation of
FOXO3-FOXM1 axis. Theranostics.  2022;12
(12):5574-5595. doi:10.7150/thno.70754.

Ziemons J, Aarnoutse R, Heuft A, Hillege L, Waelen J,
de Vos-Geelen ], Valkenburg-van Iersel L, van
Hellemond IEG, Creemers GJM, Baars A, et al. Fecal
levels of SCFA and BCFA during capecitabine in
patients with metastatic or unresectable colorectal
cancer. Clin Exp Med. 2023;23(7):3919-3933. doi:10.
1007/s10238-023-01048-7.

Renga G, Nunzi E, Pariano M, Puccetti M, Bellet MM,
Pieraccini G, D’Onofrio F, Santarelli I, Stincardini C,
Aversa F, et al. Optimizing therapeutic outcomes of


https://doi.org/10.1016/j.bbih.2021.100269
https://doi.org/10.1016/j.bbih.2021.100269
https://doi.org/10.1200/JCO.2005.01.3441
https://doi.org/10.1126/science.1240527
https://doi.org/10.1038/s41467-021-24331-1
https://doi.org/10.1038/s41467-021-24331-1
https://doi.org/10.1038/nature18847
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.1038/nature12721
https://doi.org/10.1126/science.aao3290
https://doi.org/10.1016/j.phrs.2022.106291
https://doi.org/10.1016/j.phrs.2022.106291
https://doi.org/10.1186/s12943-021-01489-2
https://doi.org/10.1126/science.aad1329
https://doi.org/10.1016/j.chom.2020.01.021
https://doi.org/10.1016/j.chom.2020.01.021
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.abb5920
https://doi.org/10.1126/science.abb5920
https://doi.org/10.1126/science.abf3363
https://doi.org/10.1007/s00280-016-3018-6
https://doi.org/10.1016/j.clcc.2021.10.004
https://doi.org/10.1016/j.clcc.2021.10.004
https://doi.org/10.3892/or.2023.8612
https://doi.org/10.1186/s13046-019-1202-3
https://doi.org/10.1186/s13046-019-1202-3
https://doi.org/10.7150/thno.70754
https://doi.org/10.1007/s10238-023-01048-7
https://doi.org/10.1007/s10238-023-01048-7

18 (&) J. YAOETAL

98.

99.

100.

101.

102.

103.

104.

105.

106.

immune checkpoint blockade by a microbial trypto-
phan metabolite. ] Immunother Cancer. 2022;10(3):
€003725. doi:10.1136/jitc-2021-003725.

Wallace BD, Wang H, Lane KT, Scott JE, Orans ],
Koo JS, Venkatesh M, Jobin C, Yeh L-A, Mani S, et al.
Alleviating cancer drug toxicity by inhibiting a bacterial
enzyme. Science. 2010;330(6005):831-835. doi:10.1126/
science.1191175.

Lam EKY, Tai EKK, Koo MWL, Wong HPS, Wu WKK,
Yu L, So WHL, Woo PCY, Cho CH. Enhancement of gastric
mucosal integrity by lactobacillus rhamnosus GG. Life Sci.
2007;80(23):2128-2136. doi:10.1016/j.1fs.2007.03.018.
Simon E, Calinoiu LF, Mitrea L, Vodnar DC.
Probiotics, prebiotics, and synbiotics: implications and
beneficial effects against irritable bowel syndrome.
Nutrients. 2021;13(6):2112. d0i:10.3390/nu13062112.
Abenavoli L, Montori M, Svegliati Baroni G,
Argenziano ME, Giorgi F, Scarlata GGM, Ponziani F,
Scarpellini E. Perspective on the role of gut microbiome
in the treatment of hepatocellular carcinoma with
immune checkpoint inhibitors. Med Kaunas Lith.
2023;59(8):1427. doi:10.3390/medicina59081427.
Duan Y, Llorente C, Lang S, Brandl K, Chu H, Jiang L,
White RC, Clarke TH, Nguyen K, Torralba M, et al.
Bacteriophage targeting of gut bacterium attenuates
alcoholic  liver  disease. ~ Nature.  2019;575
(7783):505-511. doi:10.1038/s41586-019-1742-x.
Zheng D-W, Dong X, Pan P, Chen K-W, Fan J-X,
Cheng S-X, Zhang X-Z. Phage-guided modulation of
the gut microbiota of mouse models of colorectal cancer
augments their responses to chemotherapy. Nat Biomed
Eng. 2019;3(9):717-728. d0i:10.1038/s41551-019-0423-2.
Kuraji R, Ye C, Zhao C, Gao L, Martinez A,
Miyashita Y, Radaic A, Kamarajan P, Le C, Zhan L,
et al. Nisin lantibiotic prevents NAFLD liver steatosis
and mitochondrial oxidative stress following periodon-
tal disease by abrogating oral, gut and liver dysbiosis.
NPJ Biofilms Microbiomes. 2024;10(1). doi:10.1038/
$41522-024-00476-x.

Hendrikx T, Duan Y, Wang Y, Oh J-H, Alexander LM,
Huang W, Stirkel P, Ho SB, Gao B, Fichn O, et al.
Bacteria engineered to produce IL-22 in intestine
induce REG3G to reduce
ethanol-induced liver disease in mice. Gut. 2019;68
(8):1504-1515. doi:10.1136/gutjnl-2018-317232.
Russell BJ, Brown SD, Siguenza N, Mai I, Saran AR,
Lingaraju A, Maissy ES, Dantas Machado AC,
Pinto AFM, Sanchez C, et al. Intestinal transgene deliv-
ery with native E. coli chassis allows persistent physio-
logical changes. Cell. 2022;185(17):3263-3277.el5.
doi:10.1016/j.cell.2022.06.050.

expression  of

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Kurtz CB, Millet YA, Puurunen MK, Perreault M,
Charbonneau MR, Isabella VM, Kotula JW,
Antipov E, Dagon Y, Denney WS, et al. An engineered
E. coli nissle improves hyperammonemia and survival
in mice and shows dose-dependent exposure in healthy
humans. Sci Transl Med. 2019;11(475):eaau7975.
doi:10.1126/scitranslmed.aau7975.

Ting NL-N, Lau HC-H, Yu J. Cancer pharmacomicro-
biomics: targeting microbiota to optimise cancer ther-
apy outcomes. Gut. 2022;71(7):1412-1425. doi:10.1136/
gutjnl-2021-326264.

Zhang M, Sun K, Wu Y, Yang Y, Tso P, Wu Z.
Interactions between intestinal microbiota and host
immune response in inflammatory bowel disease.
Front Immunol. 2017;8:942. doi:10.3389/fimmu.2017.
00942.

Joachim L, Gottert S, Sax A, Steiger K, Neuhaus K,
Heinrich P, Fan K, Orberg ET, Kleigrewe K, Ruland J,
et al. The microbial metabolite desaminotyrosine
enhances T-cell priming and cancer immunotherapy
with immune checkpoint inhibitors. EBioMedicine.
2023;97:104834. doi:10.1016/j.ebiom.2023.104834.
Kennedy EA, King KY, Baldridge MT. Mouse micro-
biota models: comparing germ-free mice and antibio-
tics treatment as tools for modifying gut bacteria. Front
Physiol. 2018;9:1534. doi:10.3389/fphys.2018.01534.
Dapito DH, Mencin A, Gwak G-Y, Pradere J-P,
Jang M-K, Mederacke I, Caviglia J, Khiabanian H,
Adeyemi A, Bataller R, et al. Promotion of hepatocel-
lular carcinoma by the intestinal microbiota and TLR4.
Cancer Cell. 2012;21(4):504-516. doi:10.1016/j.ccr.
2012.02.007.

Rogers AB, Taylor NS, Whary MT, Stefanich ED,
Wang TC, Fox JG. Helicobacter pylori but not high
salt induces gastric intraepithelial neoplasia in B6129
mice. Cancer Res. 2005;65(23):10709-10715. doi:10.
1158/0008-5472.CAN-05-1846.

Maurice CF, Haiser HJ, Turnbaugh PJ. Xenobiotics
shape the physiology and gene expression of the active
human gut microbiome. Cell. 2013;152(1-2):39-50.
doi:10.1016/j.cell.2012.10.052.

Woahlstrom A, Sayin SI, Marschall H-U & Backhed F.
Intestinal crosstalk between bile acids and microbiota
and its impact on host metabolism. Cell Metab. 2016;24
(1):41-50. doi:10.1016/j.cmet.2016.05.005.

Rubinstein MR, Wang X, Liu W, Hao Y, Cai G, Han Y.
Fusobacterium nucleatum promotes colorectal carcino-
genesis by modulating E-cadherin/B-catenin signaling
via its FadA adhesin. Cell Host Microbe. 2013;14
(2):195-206. doi:10.1016/j.chom.2013.07.012.


https://doi.org/10.1136/jitc-2021-003725
https://doi.org/10.1126/science.1191175
https://doi.org/10.1126/science.1191175
https://doi.org/10.1016/j.lfs.2007.03.018
https://doi.org/10.3390/nu13062112
https://doi.org/10.3390/medicina59081427
https://doi.org/10.1038/s41586-019-1742-x
https://doi.org/10.1038/s41551-019-0423-2
https://doi.org/10.1038/s41522-024-00476-x
https://doi.org/10.1038/s41522-024-00476-x
https://doi.org/10.1136/gutjnl-2018-317232
https://doi.org/10.1016/j.cell.2022.06.050
https://doi.org/10.1126/scitranslmed.aau7975
https://doi.org/10.1136/gutjnl-2021-326264
https://doi.org/10.1136/gutjnl-2021-326264
https://doi.org/10.3389/fimmu.2017.00942
https://doi.org/10.3389/fimmu.2017.00942
https://doi.org/10.1016/j.ebiom.2023.104834
https://doi.org/10.3389/fphys.2018.01534
https://doi.org/10.1016/j.ccr.2012.02.007
https://doi.org/10.1016/j.ccr.2012.02.007
https://doi.org/10.1158/0008-5472.CAN-05-1846
https://doi.org/10.1158/0008-5472.CAN-05-1846
https://doi.org/10.1016/j.cell.2012.10.052
https://doi.org/10.1016/j.cmet.2016.05.005
https://doi.org/10.1016/j.chom.2013.07.012

	Abstract
	Introduction
	Impact of gut microbial dysbiosis on HCC progression and the treatment response
	Composition of the microbiota in HCC patients
	Impact of dysbiosis on gut<?A3B2 show [CSF char="2012"]?>‒<?A3B2 show [/CSF]?>liver axis activity and HCC treatment

	Multiple mechanisms underlying microbiota-mediated drug resistance in HCC
	Specific microbial species involved in HCC drug resistance
	Effects of the microbiota on chemoresistance in HCC
	Interplay between the microbiota and immunotherapy resistance in HCC
	Microbial metabolism and its impact on drug resistance mechanisms

	Therapeutic approaches and strategies
	Potential strategies targeting microbiota to overcome drug resistance
	Development of microbiota-related therapeutic strategies and future directions

	Challenges and perspectives
	Acknowledgments
	Disclosure statement
	Funding
	Authors’ contributions
	Abbreviations
	References

