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Abstract: Hepatocellular carcinoma (HCC), the most common primary liver cancer, is one of the

dreaded complications of chronic liver disease. Recent experimental and clinical studies have revealed that

the alteration of gut-liver axis plays a pivotal role in the onset of chronic liver diseases, including HCC.

Altered gut microbiota and endotoxemia are increasingly recognized as critical components in promoting

the progression of chronic liver diseases to HCC. Probiotics have been suggested as a novel, safe and cost-

effective approach to prevent or treat HCC. Mechanisms by which probiotics exerts their anti-cancer effects

include their ability to bind carcinogens, modulation of gut microbiota, improvement of intestinal barrier

function, and immunomodulation. This review summarizes the literature findings of the changes in gut

microbiota linked to HCC, and discusses the possible therapeutic implications of probiotics for HCC.
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Introduction

Hepatocellular carcinoma (HCC) or primary liver cancer
is the fifth most common cancer, and the third most
common cause of cancer-related mortality worldwide
with over 700,000 deaths each year (1). HCC commonly
occurs in chronically damaged liver tissues due to chronic
regenerative and inflammatory processes that contribute
to the initiation and/or progression of HCC (2). Eighty to
ninety percent of all cases of HCC are linked to cirrhosis or
fibrosis, and the well-recognized risk factors are infections
with hepatitis C virus (HCV), hepatitis B virus (HBV),
alcoholic cirrhosis, as well as hemochromatosis (3). Therapy
for HCC is complex and can involve surgical resection,
liver transplantation, radiofrequency ablation (RFA) and
trans-arterial chemoembolization, radioembolization and

emerging systemic chemotherapeutic and targeted agents
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such as sorafenib. However, tumor relapse, metastasis and
chemoresistance are common and thus survival rates in
patients with advanced HCC are very low. Therefore, HCC
is undoubtedly a disease for which there is an urgent need
for the development of alternative therapies.

The human intestine offers a protected, warm, and
nutrient-rich microenvironment to a complex and dynamic
community of around 100 trillion (10'*) of microorganisms
of diverse taxonomy (2,000 distinct species). These
microorganisms are usually referred to as gut microbiota.
Moreover, the collective genomes, also known as human
microbiome, contain 100-150-fold more genes than the
human genome (4), and indeed, it is sometimes referred
to as our “forgotten organ”. Commensal bacteria colonize
its host immediately after birth and are essential to host
development and health. Gut microbiota are essential
components to a healthy body, such as assisting digestion,
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producing vitamins, degrading bile acids, modulating local
and general immunity and even treating diseases, such
as cancer (5-7). The gut microbiota composition varies
significantly among individuals; however, studies showed
that there is a core set of gut colonizers shared among
all healthy adults, constituting a “core microbiota”. In
healthy humans, the dominant bacterial phyla are Firmicutes
(30-50%), Bacteroidetes (20-40%) and Actinobacteria
(1-10%) (6). Interestingly, gut microbiota composition
vary significantly from lower small intestine to distal colon,
which are likely affected by both microenvironment such as
pH, nutrient availability and intestinal motility (8). There
are many factors that can influence the gut microbiota
composition, including diet, age, medications, illnesses,
stress and lifestyle (9). Microbiome research has greatly
advanced our understanding on the complexity and diversity
of the gut microbial communities, as well as the interactions
between gut microbial communities and their hosts.

Maintenance of a balanced microbiota composition is
vital as an ecological barrier to insults from the external
environment. A disruption to this micro-ecology, termed
intestinal dysbiosis (disequilibrium in microbiota), impairs
intestinal homeostasis and leads to overgrowth of certain
detrimental bacteria known to induce a variety of diseases,
including liver pathology. Indeed, the gut microbiota
composition is altered in many liver diseases, thus
restructuring the gut microbiota is an emerging target for
therapy. Probiotics, as a functional food ingredient, may
beneficially influence the gut microbiota and modulate
pathogenesis of chronic liver diseases (10), and emerging
evidence has indicated that probiotics may also be used as
a therapeutic approach for HCC (11). In this review, the
interplay of gut microbiota with HCC, and the possible
therapeutic implications of probiotics for HCC will be
discussed.

Role of gut microbiota in liver diseases:
crosstalk between the liver and gut

The gut and the liver are important organs for nutrient
absorption and metabolism. Emerging evidence suggest
that there is a strong association between liver and gut. The
liver receives approximately 75% of its blood supply from
the hepatic portal vein (the blood vessel that carries blood
from the intestines to the liver). The intestinal blood carries
the nutrients from the gut to activate liver functions to
augment the effective hepatic processing of nutrients. The
liver, in turn, influences intestinal functions by secreting
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bile into the intestinal lumen (12). When the intestinal
barrier is compromised, there will be an increase in
intestinal permeability, leading to the translocation of gut-
derived bacterial products such as lipopolysaccharides (LPS)
via the portal vein (13). Because of the functional link to the
intestine, the liver is the first organ barrier against the gut
derived bacteria or their metabolites, which are persistently
released into the circulation.

Accumulating evidence has suggested that the gut-liver
axis plays a pivotal role in the pathogenesis of liver diseases,
including hepatitis, non-alcoholic steatohepatitis (NASH),
liver cirrhosis, and HCC (13-17). Liver diseases have long
been associated with qualitative (dysbiosis) and quantitative
(overgrowth) changes in gut microbiota (18). Alterations of
gut microbiota were first identified in patients with chronic
liver disease almost a decade ago. Derangement of the gut
flora, especially small intestinal bacterial overgrowth (SIBO),
happens in a high proportion (20-75%) of patients with
chronic liver disease (14). Bacterial overgrowth correlates
with an increase in the luminal amount of LPS, a pathogen-
associated molecular pattern (PAMP) of the gut-liver axis.
In the presence of an intestinal barrier dysfunction, the
luminal bacterial load determines the amount of LPS that
translocate to the systemic circulation, and to mesenteric
lymph nodes or other extra-intestinal organs, and hence
the degree of liver damage (12,19). Elevated levels of LPS
in the portal and/or systemic circulation were noted in
several types of chronic liver disease (14). Endotoxemia
appears to be responsible for initiation of the liver damage,
probably by interacting with specific recognition receptors,
such as the toll like receptors (TLR) (20), although TLR
independent mechanisms by which gut microbiota produces
liver injury has been described (21). Alteration of gut
microbiota can increase intestinal permeability to LPS that,
in turn, activates the kupffer cells, the liver macrophages to
release pro-inflammatory cytokines, such as tumour necrosis
factor alpha (TNFo) and reactive oxygen intermediates,
which will lead to pathogenesis of various acute and
chronic liver diseases (12). Currently, it is not entirely clear
how alterations in the gut microbiota contribute to the
pathogenesis of chronic liver diseases and HCC in humans.

Role of gut microbiota in HCC development

There is an increasing incidence in HCC and it is often
associated with a very high fatality rate. Cirrhosis due to
HBV or HCV is the major risk factor for HCC. However,
as obesity and NAFLD has become more prevalent

HepatoBiliary Surg Nutr 2018;7(1):11-20



HepatoBiliary Surgery and Nutrition, Vol 7, No 1 February 2018

in developed countries, the incidence of HCC is also
increasing in these regions (22). In viral hepatitis, it is
thought that chronic inflammation of the liver is linked to
hepatocarcinogenesis; however, the exact mechanism for
the development of HCC in NAFLD patients has yet been
elucidated.

To date, several experimental data from animal models
as well as human studies suggest the role of gut microbiota
in the development of HCC. Intestinal dysbiosis was found
in patients with liver cirrhosis and HCC and in mice after
diethylnitrosamine (DEN) administration. An imbalance
in gut microbiota composition included a significant
suppression of Lactobacillus species, Bifidobacterium species
and Enterococcus species and a significant growth of E. coli
and Atopobium cluster (23). Gut sterilization decreased
HCC development when mice were treated with DEN
and hepatotoxin carbon tetrachloride (CCl,), a model
that mimics the microenvironment of the majority of
human HCC. The involvement of intestinal microbiota
was also confirmed by reduced hepatocarcinogenesis in
germ-free mice in comparison with specific pathogen-free
mice (24). In addition, a study by Fox ez al. has suggested the
relationship between intestinal colonisation by Helicobacter
bepaticus and induction of HCC (25). Huang ez 4l. reported
the presence of Helicobacter ssp. 16S rDNA in the liver
of HCC patients, but absent from that of control (26).
However, in another study by Kriittgen et a/., the authors
failed to detect Helicobacter hepaticus in the stool samples of
HCC patients with HBV or HCV infection (27). Hence,
additional studies on a possible link between gut microbiota
and HCC in humans are necessary.

As discussed, alterations in gut microbiota and
endotoxemia are critical components in promoting the
pathogenesis of chronic liver diseases and HCC. Here, the
mechanisms through which the gut-liver axis promotes
HCC pathogenesis will be discussed and outlined in
Figure 1.

HCC promotion via leaky gut, endotoxemia and TLR

High circulating levels of LPS were shown in both animal
models of carcinogen-induced hepatocarcinogenesis and
HCC patients (23,28). This accumulation is likely attributed
to increases in the intestinal permeability and bacterial
translocation, together with deficient clarification of the
hepatic reticuloendothelial system (29). Accumulation of
LPS contributes to the pathogenesis of HCC by provoking
pro-inflammatory actions in the liver (28).
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TLRs are pattern recognition receptors that recognize
endotoxins and signals through the MyD88 (myeloid
differentiation primary-response protein 88)-dependent
and MyD88-independent pathways, which activate
innate immunity (30). The liver is well equipped to
respond to endotoxins, with Kupffer cells being more
responsive to endotoxins than hepatocytes (28). Recent
studies have suggested the involvement of TLR4 in
hepatocarcinogenesis. Overexpression of TLR4 was
shown in tumor tissues of HCC patients (31,32). A recent
research by Liu et 4/. demonstrated a strong correlation
of TLR4 expression levels with microvascular invasion,
early recurrence and poor survivals in HCC patients (33).
Another study has also reported that LPS-induced TLR4
signaling promoted cancer cell survival and proliferation
in HCC (34). Activation of TLR4 signaling pathways
results in the production of pro-inflammatory immune
mediators, which may contribute to the development
and progression of hepatocarcinogenesis (35). Significant
decreases in the incidence, size, and number of chemical-
induced liver cancer were noted in mice deficient in TLR4
and MyD88, but not TLR2, implying there is a strong
association of TLR signaling to hepatocarcinogenesis (36).
Dapito er al. also clearly demonstrated that LPS-induced
TLR4 activation is required for hepatocarcinogenesis in
the chronically injured liver, and TLR4 were not necessary
for HCC initiation but for HCC promotion involving
hepatocyte proliferation and evasion of apoptosis (24).

HCC promeotion via dysbiosis and bacterial metabolite
production

Recent evidence suggests that gut microbiota are involved
in HCC. Intestinal dysbiosis was observed in rats with
chronic DEN treatment. This was often associated with an
increase in pathogenic bacteria, together with decreased
numbers of beneficial ones (23). Administration of penicillin
or dextran sulfate sodium (DSS) was shown to disrupt the
balance of gut microbiota and cause mucosa damage, led to
the development of endotoxemia, systemic inflammation
and tumor formation (23).

It is also evident that intestinal dysbiosis affects the
development of liver disease and HCC through bacterial
metabolite production. In a study by Yoshimoto et 4.,
dietary or genetic obesity alters gut microbiota and thus
rises the deoxycholic acid (DCA) levels, a gut bacterial
metabolite that cause DNA damage. DCA provokes the
production of various inflammatory and tumour-promoting
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Figure 1 Mechanisms of hepatocarcinogenesis through the gut-liver axis.

factors in the liver, thereby promoting HCC development
in mice after exposure to chemical carcinogen. In the
same model, blocking DCA production or reducing gut
microbiota efficiently prevents HCC development in
obese mice (37). On the other hand, it has been shown that
propionate, a metabolite from gut microbiota, could inhibit
cancer cell proliferation in the liver (38).

HCC promeotion via immunomodulation

HCC is usually derived from inflamed fibrotic and/or
cirrhotic liver with intensive immune cell infiltration. Thus,
the immune status may have a large impact on the biologic
behaviour of HCC. It has been reported that tumor-
associated macrophages (39), neutrophils (40), natural killer
(NK) cells (41,42), regulatory T cells (43,44) and interleukin
6 (IL6) (45) were associated with poor prognosis of HCC
patients.

T helper 17 (Th17) cells is a novel subset of T helper
cells that produces pro-inflammatory and pro-angiogenic
mediators such as IL17A and IL22. Elevated level of
Th17 cells have been detected in tumors and blood of
HCC patients (46,47) and the levels of Th17 cells were
positively correlated with poor survival. IL17A secreted
by Th17 cells may play pro-tumor roles by promoting
tumor angiogenesis by secreting angiogenic mediators and
cytokines (48). The abundance of Th17 cells in the healthy
liver is low, majority of these Th17 cells are produced
in the gut through interaction with gut microbiota (49).
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Consequently, it is postulated that it is the IL17 produced
from the intestine that may involve in the development
of HCC. Taken together, the above-described findings
show that the immune status may vary in different tumor
microenvironments and have different impacts on disease
progression, and gut microbiota can exert a profound
impact in the development of HCC via immunomodulation.
Owing to a lack of pharmaco preventive strategies and
limited chemotherapeutic options for treatment of liver
cancer, the therapeutic modulation of the gut microflora
by antibiotics, prebiotics or probiotics might represent
novel approaches to prevent the progression from chronic
hepatitis to liver cirrhosis and HCC.

Probiotics as a novel approach for preventing/
treating HCC

Probiotics are defined as “live microorganisms which when
administered in adequate amounts confer a bhealth benefit for the
host” by United Nations and WHO (50). In another words,
a bacterium (or any microbe) needs to be isolated, purified,
characterized, and proved to be beneficial to health when
it is administered before it can be designated as a probiotic.
Successful probiotics strains need to be able to survive
passage through the upper gastrointestinal tract, multiply,
colonize and function in the gut. They are mostly of human
origin (51,52). Strains of lactic acid bacteria, especially
Lactobacillus and Bifidobacterium species are frequently
employed as probiotics in fermented dairy products (53).
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The popularity of probiotics has expanded exponentially
recently, due to their health promoting effects and their
abilities to prevent or treat different diseases (54,55).
The gut microbiota composition is altered in many liver
diseases, restructuring the gut microbiota represents a new
potential therapeutic target. Beneficial effects of probiotics
have been reported not only in gastrointestinal diseases but
also liver diseases. There are several reviews summarising
the benefits of probiotics on liver diseases (20,53,56-61).
The exact mechanisms of beneficial effects of probiotics
on the gut-liver axis are yet to be fully revealed, probiotics
may exert their therapeutic effects through (I) modulation
of gut microbiota composition and antimicrobial factor
production; (II) improvement of gut barrier function; and
(IIT) modulation of local and systemic immunity (53). The
beneficial effects of probiotics are often species-specific or
even strain-specific (62). Therefore, the choice of strain or
combination of strains is crucial for therapeutic success.

The application of probiotics to modulate tumor growth
has been demonstrated. Efficacy of probiotics on cancer
development is mostly associated with colon cancer. Yet, as
gut microbiota may affect the immune system systemically
(63,64), the effects of probiotics on other cancer types have
also drawn researchers’ attention.

Regarding liver cancer, there are few studies regarding
the use of probiotic supplement as a dietary approach
to reduce the risk of HCC induced by aflatoxins. For
example, in a clinical study by El-Nezami et a/., dietary
supplementation using probiotics such as viable Lactobacillus
rhamnosus LC705 and Propionibacterium freudenreichii
subsp. Shermani) could effectively reduce the excretion of
aflatoxin-DNA adduct (AFB1-N7-guanine) in urine (65).
In a rat study investigating the chemopreventive effect of
probiotic-fermented milk and chlorophyllin on AFB1-
induced HCC, the probiotics treatment reduced the tumor
incidence, as well as decreased c-myc, bel-2, cyclin D1 and
rasp-21 level, which suggests the protective capacity of
probiotics against AFB1-induced hepatocarcinogenesis (66).
In another rat study, administration of VSL#3 (containing
(four Lactobacilli, three Bifidobacteria, and one Streptococcus
thermophilus subsp Salivarius) mitigated DEN-induced
hepatocarcinogenesis by restoring gut homeostasis and
ameliorating intestinal and hepatic inflammation, and thus
inhibiting the progression of cirrhosis to HCC (23).

Recently, Li er al. reported that probiotics inhibit HCC
progression in mice (11). Feeding the probiotics mixture
Prohep (comprising Lactobacillus rbammnosus GG, Escherichia
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coli Nissle 1917 and heat-inactivated VSL#3) to tumor-
injected mice could shift the gut microbiota composition
and reduce size of liver tumors. In addition to the reduction
of tumor size, angiogenic factors were down-regulated by
probiotics administration. Concerning the mechanistic
pathways, the level of Th17 cells in gut and recruitment of
Th17 to tumor site were lower in probiotics-treated mice.
The anti-cancer effect of probiotics was also associated with
the short chain fatty acids (SCFA) production, which could
be reflected by the enrichment of SCFA-related pathway
that was found in probiotics-treated mice.

Mechanisms of action of probiotics against HCC

There are several mechanisms responsible for the anti-
cancer effects of probiotics. Other than the direct impact
of probiotics on modulating gut microbiota, probiotics can
exert its anti-cancer actions through immune modulation,
decreased bacterial translocation, improved intestinal barrier
function, anti-inflammatory and anti-pathogenic activities,
as well as reducing tumor formation and metastasis [for
review, see (67)]. In this section, the mechanisms of action
of probiotics against HCC will be summarized and outlined
in Figure 2.

Binding/adsorption of carcinogens

There are few studies showing that the ability of
probiotics to bind and immobilise toxic compounds with
the gut lumen. As such, the deleterious effects of dietary
toxic substances could be reduced and thus lead to an
improvement of gut and liver health. In the past 20 years,
more than 250 strains of lactic acid bacteria isolated
from either dairy products or healthy human subjects
were screened in our laboratories and several bacterial
strains that were capable of binding a range of mycotoxins
were identified (68-71). These bacterial strains were
subsequently demonstrated to bind mycotoxins ex vivo in
ligated duodenal loops of 1 week old chicks and reduced
its uptake into intestinal tissue by 74% (72). The damage
to intestinal epithelia following exposure to mycotoxins
could be attenuated in the presence of probiotics bacteria.
Incubating cytochrome P450 3A4 (CYP3A4) induced
Caco-2 monolayer with aflatoxin B1 (AFB1) significantly
decreased the trans-epithelial electrical resistance
(TEER) (73). In the presence of probiotic bacteria, this
aflatoxin-induced decrease in TEER was attenuated,
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Figure 2 Proposed mechanism of action of probiotics against HCC. HCC, Hepatocellular carcinoma.

indicating that probiotic bacteria could decrease aflatoxin-
induced cytotoxicity. The above in vitro results led to a series
of in vive studies which investigated of the potential capacity
of selected strains to bind AFB1 as a mycotoxin model and
to examine if the binding strength was sufficient to decrease
AFB1 bioavailability. Results from the animal studies have
shown that both AFB1 toxicity and bioavailability is reduced
by probiotic supplementation (74). Dietary supplementation
of probiotic bacteria to Chinese subjects exposed to AFBI
via diet was also shown to effectively reduce the urinary
excretion of aflatoxin-DNA adduct (AFB1-N7-guanine), a
well-validated biomarker for liver cancer risk (75). These
studies suggest that probiotic supplementation reduced
the bioavailability of carcinogen AFBI, and thus reduce
HCC risk.

Improvement of intestinal barrier function

As previously mentioned, the liver is under constant
exposure to gut-derived bacterial products, thus maintaining
an effective gut barrier is crucial which restricts the amount
of bacterial components reaching the liver. In advanced
liver diseases, the intestinal barrier function is disrupted;
there will be an increase in intestinal permeability to gut-
derived LPS. Accumulation of LPS contributes to the HCC
pathogenesis by provoking pro-inflammatory responses
in the liver (28). Interestingly, a study by Zhang er al.
demonstrated that probiotics could reshape gut microbiota
composition, suppressing the outgrowth of Gram-negative
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bacteria and enhancing intestinal barrier that prevents
translocation of endotoxins. As a result, tumorigenic
inflammation in the liver was reduced (23).

Modulation of SCEA production

The gut microbiota is exclusively responsible for several
important metabolic functions, mainly by fermentation of
dietary non-digestible carbohydrates. In the human gut,
the end products of carbohydrate fermentation include a
range of organic acids, including SCFA, mainly acetate,
propionate and butyrate (76). Butyrate is the primary
energy source for colonocytes. Propionate is almost totally
taken up by the liver from the bloodstream, whereas acetate
enters the peripheral circulation and is largely metabolized
by peripheral tissues (77). Certain strains of probiotics such
as bifidobacteria and lactobacilli can shift the gut microbiota
composition and thus the production of SCFA (78). The
production of SCFA by these bacteria may reduce the risk
of developing cancer, including HCC. Li et a/. revealed
that the anti-cancer effect of probiotics was associated with
SCFA production. Certain genera of bacteria, including
Butyricimonas and Prevotella were enriched, which can
generate anti-inflammatory fatty acids such as butyrate and
propionate. Pathway analyses have shown that probiotics
tend to strengthen metabolism related to SCFA synthesis,
tricarboxylic acid (T'CA) cycle, carboxylate degradation,
etc. (11), which may offer protection against the
development of HCC.
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Regulation of Th17 response

As discussed, Th17 cells have recently emerged as an
important T helper cell subset that are defined by their
production of pro-inflammatory and pro-angiogenic
mediators such as IL17A, IL22. Increased Th17 densities
have been detected in HCC tumors, where their levels were
associated with poor disease outcome. IL17-producing cells
are accumulated in HCC, where they may promote tumor
progression by fostering angiogenesis (23,79). Li et al.
clearly demonstrated that a probiotics mixture that inhibited
HCC progression reduced level of pro-inflammatory
cytokines, IL-17, in mice. Probiotics caused shifts in the gut
microbiota composition toward specific beneficial bacteria,
for example, Prevotella and Oscillibacter. These bacteria are
known to produce anti-inflammatory metabolites, which
subsequently decreased the Th17 polarization and favored
the differentiation of anti-inflammatory Treg/Type 1
regulatory T (Tr1) cells in the gut. Apart from regulating
T cell polarization, probiotics worked by controlling the
growth of segmented filamentous bacteria (SFB), the
major Th17-inducing bacteria. Indeed, administration of
probiotics dramatically decreased the SFB. Consequently,
the pro-inflammatory cytokine IL17 production was
reduced (11). As IL17A produced from Thl7 favour
angiogenesis (80), reduction of Th17 and IL17 level may
contribute to inhibition of cancer progression.

Hypoxia-induced cell death

Hypoxia is a defining feature of solid tumors, which the
tumor cells are deficient in oxygen. Tumor hypoxia can
lead to therapeutic problems because it often makes solid
tumors resistant to conventional cancer treatments. Tumor
hypoxia appears to be correlated with tumor propagation
and malignant progression (81). Evidence suggests that
hypoxia inhibits tumor cell differentiation and facilitates
stem cell maintenance (82). In the study by Li ez /., mice
after probiotic administration showed increased hypoxia of
liver tumor cells. The increase in tumor hypoxia was due to
the weakened angiogenesis and thus limiting tumor growth.
In addition, an elevated expression of the hypoxia-inducible
factor 1 (HIF-1) was also noted in probiotics-treated mice,
which could also account for the induction of glucose
transporter 1 (GLUT-1), a molecular marker to indicate the
degree of hypoxia (11). This study provides a mechanistic
insight for utilization of probiotics for the treatment of
HCC, by enhancing hypoxia-induced cell death.
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Conclusions and future perspective

In conclusion, the gut-liver axis plays an important role in
the pathogenesis of liver diseases, including HCC. Growing
evidence has supported the role of gut microbiota in the
development of HCC. Thus, manipulation of the gut
microbiota may represent a novel way to treat or prevent
HCC. Probiotics may represent innovative, safe and low
cost strategies to prevent or treat HCC. However, more
laboratory-based mechanistic studies as well as extensive
human clinical trials in evaluation of gut microbiota and
appropriately selected useful bacterial strains are necessary
to gain the acceptance of the broader medical community
and to investigate the possibility of using probiotics as an
alternative therapeutic method for cancer. Moreover, it is
worth noting that molecular pathological epidemiology
(MPE) is an emerging field that examines the relationship
between different endogenous (including microbiota),
environmental, and lifestyle factors and tumor molecular
changes (83). With the advancements of high-throughput
sequencing technologies, it allows integration of various
disciplines into MPE (e.g., microbial MPE), which can
provide important etiologic and pathogenic insights of any
diseases, including HCC, and potentially contributing to
precision medicine (84).
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