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 Abstract 
  Background:  Hepatocellular carcinoma (HCC) is a common complication of liver diseases 
such as those related to viral hepatitis and liver cirrhosis. The gut-liver axis is gaining increas-
ing attention as a key pathophysiological mechanism responsible for the progression of HCC. 
Here, we will review the data from the published literature to address the association between 
HCC and gut microbiota.  Summary:  The presence of high levels of endotoxemia in the blood 
results in portal hypertension and ensuing hepatocyte damage, thus leading to the develop-
ment of HCC. Probiotics can be used to treat or prevent the progression of HCC, because they 
may decrease the counts of gut microbiota and thus improve the endotoxemia.  Key Message:  
Increased bacterial translocation can result in endotoxemia, which may play a critical role in 
the progression of HCC. Modulation of the gut microbiota by probiotics may represent a new 
avenue for therapeutic intervention in HCC.  Practical Implications:  Breakdown in intestinal 
barrier function and bacterial overgrowth are main events in the development of HCC. When 
the intestinal barrier function is disrupted, large amounts of bacterial products can enter the 
liver and induce inflammation through their receptors, leading to liver diseases. Altering the 
gut microflora has been proposed as an adjunctive therapy to reduce bacterial translocation 
and prevent progression of HCC. The purpose of this review is to discuss the relationship be-
tween gut microbiota and HCC in both pathogenesis and treatment by probiotics. 
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 Introduction 

 Hepatocellular carcinoma (HCC) is the third leading cause of cancer mortality worldwide 
 [1, 2] . Major risk factors for HCC include infection with hepatitis B virus (HBV) or hepatitis C 
virus (HCV); these risk factors lead to formation and progression of cirrhosis, which is present 
in 80–90% of HCC patients. The 5-year cumulative risk for the development of HCC in patients 
with cirrhosis ranges between 5 and 30%  [2] . The gut and liver are key organs in nutrient 
absorption and metabolism. The liver has a double blood supply, including the hepatic artery 
which comes from the celiac axis and the portal vein which brings venous blood from the 
intestines and spleen, while the portal venous blood flow comes from the mesenterium and 
accounts for 75% of the liver blood supply  [3] . The portal vein delivers gut-derived products, 
such as lipopolysaccharide (LPS), bacterial DNA and peptidoglycan, to the liver. Because of its 
anatomical location, the liver is exposed to gut-derived bacterial components.

  A number of studies have been dedicated to the mechanism of the gut-liver axis. The 
gastrointestinal tract is a metabolic and immunological system. It harbors the most complex 
human microbial ecosystem and is a vast pool of bacteria and endotoxins in the body  [4] . The 
human intestine is believed to contain approximately 100 trillion intestinal microbiota, 
comprising about 500–1,000 different species  [5] . It has been estimated that the microbes in 
the mucosal surface of the human gastrointestinal tract are colonized by 10 13–14  bacteria with 
400 different species and subspecies  [6] . The normal gut barrier is made up of the following 
parts: (1) the normal composition and distribution of intestinal flora, (2) the intestinal 
mucosal barrier and (3) the integrity of the immune system. Any damage to the gut barrier 
could increase the intestinal permeability, followed by bacteria translocation and accumu-
lation of LPS  [7] , which will lead to the pathogenesis of liver diseases. The plasma LPS level 
was associated with small intestinal bacterial overgrowth, changes in composition of the 
microbiota and increase in intestinal permeability  [8] . Thus, the gastrointestinal tract, func-
tioning as an effective barrier against endotoxin and gut bacteria, may protect the body  [9] . 
Furthermore, the liver also plays an important physiological role in LPS detoxification and, in 
particular, hepatocytes are involved in the clearance of endotoxin of intestinal derivation 
 [10] . The degradation of endotoxin will be affected if the liver is damaged, and the increase in 
endotoxin will in turn aggravate liver damage.

  Increasing evidence indicates that the gut-liver axis is involved in HCC. Endotoxemia 
produced by gut microbiota may contribute to hepatocarcinogenesis and may serve as a 
target to the prevention or treatment of HCC  [11] . Herein, we will review the association of 
gut microbiota with the pathogenesis of HCC.

  Roles of Gut Microbiota in Hepatocarcinogenesis 

 Viral Hepatitis 
 Viral hepatitis, one of the common causes leading to HCC, is the prevailing cause in most 

parts of Asia and sub-Saharan Africa, especially in China  [12] . There is growing evidence that 
HBV and HCV can accelerate the development of cirrhosis, ultimately leading to HCC. Gut 
microbiota may contribute to the progression of viral hepatitis and its related complications. 
Sandler et al.  [13]  showed in a retrospective study that the degree of liver disease in patients 
with chronic HBV or HCV infection was associated with microbial translocation.

  Increased intestinal permeability, bacterial overgrowth or impaired clearance of micro-
bial products by Kupffer cells may increase the translocation of gut microbiota. Microbiota 
and their components are able to pass through the gut barrier and enter the portal circulation, 
and then they are transported to the liver. In the liver, the gut microbial composition can be 
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envisaged to result in increased activation of liver Toll-like receptors (TLRs). TLRs are a class 
of proteins that recognize structurally conserved molecules derived from microbiota  [14] . 
TLR4 is the receptor for LPS. Within the liver, it is well known that Kupffer cells, hepatic 
stellate cells (HSCs) and hepatocytes express TLR4 and thus might be a target for bacterial 
LPS, which is an important action on the development and progression of hepatitis  [15] . In a 
mouse model of viral-induced liver disease, germ-free mice were protected from disease and 
conventional mice were also protected by an antibiotic or the TLR4 antagonist polymixin B 
 [16] . Thus, it seems that the mechanisms by which HBV and perhaps HCV promote liv-
er disease are mediated, in part, via the gut microbiota. Each increased risk for disease 
progression by LPS-induced inflammation is associated with end-stage liver disease such as 
HCC in patients with HBV or HCV infection.

  Cirrhosis 
 The gut is the major source of endogenous bacteria causing infections in advanced 

cirrhosis  [17] . The study of Cirera et al.  [18]  investigated the risk factors in experimental 
cirrhosis and explored the mechanism involved in the pathogenesis of patients with bacterial 
infections. The results showed that translocation of gut organisms to mesenteric lymph nodes 
was increased in patients with advanced cirrhosis and was reduced to the level found in non-
cirrhotic patients by selective intestinal decontamination. There was also evidence showing 
that gut microbiota might promote liver fibrosis in mice, and the increase in bacterial trans-
location from gut to liver was associated with chemically induced fibrosis  [19] .

  Bacterial translocation takes place in the setting of advanced liver diseases and contributes 
to the progression of both cirrhosis and its complications  [20] . At this stage, the patient has 
in increased risk of a variety of spontaneous infections, such as spontaneous bacteremia and 
spontaneous bacterial peritonitis in cirrhosis. These infections are poorly tolerated, since 
they will accelerate the hyperdynamic circulatory state, increase portal blood pressure and 
lead to liver failure. Bacterial translocation could also precipitate liver-related complications, 
such as hepatic encephalopathy. The pathogenesis of hepatic encephalopathy is linked to 
alterations in gut microbiota and their by-products such as ammonia, indoles, oxindoles, 
endotoxins, etc.  [21, 22] . On the other hand, cirrhosis itself can affect the intestinal barrier 
and in turn contribute to its own complications  [23] .

  Translocation of bacterial products, such as LPS or bacterial DNA, could stimulate the 
immune system in cirrhosis patients  [24] . LPS levels are commonly increased in patients with 
liver cirrhosis, and LPS will successively precipitate a cascade, including repeated hepatocytic 
impairment, hepatic fibrosis, cirrhosis and HCC. There is evidence showing that the malignant 
degree of liver dysfunction was associated with the level of LPS and bacterial substances  [25] . 
The presence of high levels of LPS and bacterial substances in blood results in hepatocyte 
damage, ensuring the progression of liver fibrosis  [7] . Furthermore, treatment with antibi-
otics may delay the development of cirrhosis  [26] . The activated HSCs express TLR4 and are 
highly responsive to even low concentrations of LPS  [27] . TLR4 will provide a potential 
cellular link between intestinal derived LPS and liver fibrosis, thus promoting hepatic fibrosis 
and leading to the development of cirrhosis  [28] .

  HCC 
 As mentioned above, chronic viral infection or liver cirrhosis remain the major causes of 

HCC. Gut microbe pathways may contribute to the development of HCC as has been previously 
demonstrated  [29] . However, there is no direct evidence of their role in HCC. Therefore, 
further studies on a possible link between intestinal microbiota and HCC in humans are 
needed.
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  Bacteria located within the intestinal lumen undergo constant surveillance by TLRs. TLRs 
are expressed in Kupffer cells, HSCs and hepatocytes and activate these cells to contribute to 
acute and chronic liver diseases  [30] . TLRs are differentially activated by commensal bacteria 
 [31, 32] , and TLRs will induce pathways involved in gut homeostasis, regulation of tight junc-
tions and antimicrobial peptide secretion  [33] . Translocation of bacterial components termed 
pathogen-associated molecular patterns (PAMPs) triggers inflammatory responses through 
TLRs in both early and late disease stages  [34] . These pattern recognition receptors identify 
and interact with microbial-associated molecular patterns (MAMPs) on both commensal and 
pathogenic bacteria. The various MAMPs, including LPS, peptidoglycan and flagellin, are TLR-
specific ligands  [35] , all of which will reach the liver via the portal vein. Notably, hepatic 
exposure to cancer-promoting MAMPs and metabolites is increased in liver disease and has 
been linked to intestinal dysbiosis. Accordingly, germ-free status and non-absorbable antibi-
otics reduce hepatic inflammation, fibrosis and HCC development in mice, whereas treatment 
with the TLR4 agonist LPS can increase HCC development.

  Obesity and high-fat diet have been identified as major risk factors for HCC. Early studies 
suggested that altered gut microbiota might contribute to obesity by affecting energy harvest 
from the diet and energy storage in the host  [14] . Gut-derived bacterial products are delivered 
to the liver, where they will activate TLRs and promote a senescence-associated secretory 
phenotype (SASP) in HSCs, then in turn facilitate the development of HCC  [36] . Yoshimoto et 
al.  [37]  treated mice with a chemical carcinogen at the neonatal stage to induce a tumor model 
and demonstrated that gut microbiota were associated with obesity. Administration of anti-
biotics or gut sterilization could lead to a significant decrease in HCC development in an 
obesity-related model of hepatocarcinogenesis. Dietary or genetic obesity induced altera-
tions of gut microbiota, thereby increasing the levels of deoxycholic acid (DCA), a gut bacterial 
metabolite known to cause DNA damage through reactive oxygen species production  [38] . 
The enterohepatic circulation of DCA provoked SASP phenotype in HSCs, which in turn led to 
the production of proinflammatory cytokines and tumor-promoting factors in the liver that 
promote HCC, whereas reduction of DCA-producing bacteria by antibiotics decreased the 
development of HCC  [35] . This indicated that the DCA-SASP axis in HSCs facilitated obesity-
associated HCC development. Importantly, blocking the production of DCA or depleting the 
gut microbiota reduced the development of HCC  [36] .

  The role of gut microbiota and TLRs in hepatocarcinogenesis has recently been firmly 
established by extensive studies. Yu et al.  [39]  observed an increase in endotoxin levels in 
experimental HCC models upon administration of the chemical carcinogen diethylnitrosamine 
(DEN); they found that endotoxin accumulation regulated the survival and proliferation of 
hepatocytes. Thus, enhanced intestinal permeability to endotoxins appears to be the primary 
cause of chemically induced endotoxemia. This finding was supported by the fact that reduction 
of LPS using antibiotics in rats or genetic ablation of its receptor TLR4 in mice dramatically 
mitigated enteric dysbiosis, decreased liver tumor growth and prevented tumor multiplicity 
 [19] . Yu et al.  [39]  suggested that reducing gut injury, improving blood flow to the gastrointes-
tinal tract and lessening the gut translocation of endotoxin might improve liver function. Dapito 
et al.  [40]  showed that the gut microbiota and LPS/TLR4 pathway play a role in HCC promotion 
in chronically injured liver. They subjected C3H/HeJ and C3H/HeOuJ mice to a combination of 
DEN and the hepatotoxin carbon tetrachloride (CCl 4 ), a model that features several character-
istics of the cirrhotic environment of chronically injured liver in which human HCC mostly 
arises  [27] . They showed that the intestinal microbiota and TLR4 link inflammation and carci-
nogenesis in the chronically injured liver. Continuous administration of low doses of LPS 
increased tumor number and size in conventional wild-type mice, while in gut-sterilized mice 
systemic LPS levels were reduced and there was less overgrowth of tumor. However, there was 
no significant contribution of gut microbiota and TLR4 to tumor initiation  [41] .
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  Patients with liver diseases also have an impact on gut homeostasis, which will lead to 
gut dysbiosis and gut barrier permeability. Interestingly, Zhang et al.  [19]  demonstrated that 
patients with liver cirrhosis and HCC had significantly increased serum endotoxin levels. In 
the DEN model of rat hepatocarcinogenesis, chronic liver injury was accompanied by 
imbalance of the gut microflora and tissue damage in intestinal epithelia. Administration of 
probiotics dramatically mitigated enteric dysbiosis, ameliorated intestinal inflammation and, 
most importantly, decreased liver tumor growth. In the above-mentioned study of Dapito et 
al.  [40] , they suggested that antibiotic-induced gut sterilization could prevent HCC in patients 
with chronic liver injury. Such a preventive management of cirrhotic patients would require 
lifelong administration of antibiotics. In fact, approaches based on gut microbiota manipu-
lation have already been evaluated for other dysbiosis-associated disorders  [29] .

  As for molecular mechanisms, it was demonstrated that both HSCs and Kupffer cells as 
well as hepatocytes were sensitive to LPS by expressing TLR4. An important finding of Dapito 
et al.  [40]  was that hepatocarcinogenesis in chronically injured liver depended on the gut 
microbiota and TLR4 activation in non-bone-marrow-derived resident liver cells, including 
both hepatocytes and HSCs. These results were different from those of Yu et al.  [39] , who 
found that Kupffer cells were the main targets of LPS/TLR4 signals in the liver and played a 
pivotal role in the induction of TNFα and IL-6. Inactivation of Kupffer cells has been shown to 
cause a significant reduction in cytokine production and complementary proliferation in 
response to DEN. Thus, further studies are required to distinguish the relative contribution 
of TLR4 expressed in different cell types to hepatocarcinogenesis. In addition, Dapito et al. 
 [40]  reported that the LPS/TLR4 pathway mediated the expression of the epiregulin hepato-
mitogen, which belongs to the epidermal growth factor family. Hepatomitogen will lead to 
activation of epidermal growth factor in the first stages of DEN/CCl 4  carcinogenesis and to 
reduction of hepatocyte apoptosis by NF-κB nuclear translocation. Therefore, the therapeutic 
benefit of TLR4 in patients with high risk of HCC needs to be explored.

  Probiotics and HCC 

 Gut microbiota are thought to contribute to the progression of HCC through the gut-liver 
axis  [42] . Consequently, modulation of the gut microbiota by probiotics may represent a new 
avenue to treat or prevent the development of HCC. Alterations of the type and amount of gut 
microbiota not only promote gut flora balance, intestinal inflammation and mucosal barrier 
function, but also dramatically improve the cirrhotic condition and prevent the occurrence of 
HCC  [19] . Interestingly, probiotics could inhibit the translocation of endotoxin, which bears 
PAMPs, and activate the damage-associated molecular patterns (DAMPs) such as high-
mobility group box 1  [19] . Also, probiotic strains are a safer and less expensive therapeutic 
approach.

  Several methods, including the use of prebiotics, probiotics and synbiotics, could be 
applied to prevent overgrowth of gut microbiota  [43] . They improved derangement in flora 
by decreasing the counts of pathogenic bacteria and thus improving the endotoxemia  [44] . 
Ideal probiotic strains have special properties, such as stimulation of the immune system, 
thereby improving intestinal function via adhering and colonizing the intestinal epithelium. 
Furthermore, when these strains stimulate the immune system, they must be able to survive 
and can exert considerable healthful outcomes  [45] .

  Probiotics are live microorganisms (according to the FAO/WHO); when administered in 
adequate amounts they will confer a healthful benefit on the host  [45] , such as improving the 
balance of gut microbiota and stimulating the metabolites of bacteria products  [46] . Prebi-
otics are a kind of non-absorbent oligosaccharide substances, such as lactulose; in order to 
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adjust the intestinal microflora balance, they can promote the growth of beneficial bacteria 
and inhibit the harmful ones  [47] . Synbiotics refers to a complex of probiotics and prebiotics 
and are believed to be more efficient compared to either of the two alone  [48] .

  The plasma endotoxin level increases in patients with HBV and HCV  [44, 49] . Furthermore, 
high amounts of the proinflammatory cytokines described above in these patients cause liver 
damage in the longer run. Results from a study in patients with HBV and HCV infection showed 
that alleviation of endotoxemia could be achieved by increasing bifidobacteria and lactoba-
cilli numbers and avoiding the growth of pathogens. However, regarding liver damage more 
studies are required to properly assess the benefits of probiotic therapy  [50] .

  The colonic microbiota of cirrhosis patients are different from those of healthy control 
subjects  [51] . Increases in Enterobacteriaceae and Enterococcus with a reduction in Bifido-
bacterium species were noted in one report  [26] . Bacteriotherapy with probiotic strains in 
patients with cirrhosis can modulate the bioecological system via prevention of growth of 
pathogens, improvement to the mucosal layer, protection of intestinal epithelia cells and 
reduction of bacterial translocation. All of these mechanisms will decrease portal hyper-
tension owned to the inhibition of nitrogen monoxide production followed by lowering 
plasma LPS. Changes in gut microbiota may also play a role in the pathogenesis of other 
complications of cirrhosis (e.g. spontaneous bacterial peritonitis, hepatorenal syndrome and 
hepatic encephalopathy  [49] .

  Few studies were performed to assess probiotic effects on the toxicity of aflatoxin in liver 
dysfunction and HCC. In a research performed by El-Nezami et al.  [52] , diminution of aflatoxin 
concentration was observed in fecal samples after the administration of  Lactobacillus rham-
nosus  LC705. Five weeks later, they collected the  L. rhamnosus  LC705 together with  Propioni-
bacterium freudenreichii  subspecies. The ingestion of the probiotic capsule was confirmed by 
the concentration of  L. rhamnosus  LC705 in fecal samples. In the subjects who received the 
probiotic mixture,  L. rhamnosus  LC705 constituted the major part of the fecal Lactobacillus 
population, whereas in the group without probiotic mixture, the bacterium was absent. In this 
study the authors showed that a probiotic supplement reduced the biological dose of afla-
toxin exposure and may offer an effective dietary approach to decrease the risk of HCC.

  Conclusions 

 Growing evidence is showing that gut microbiota are associated with oncogenic pathways 
that increasingly promote the development of HCC. Modulation of the gut microflora by anti-
biotics and probiotics may represent novel strategies to prevent the progression from chronic 
hepatitis to liver cirrhosis and HCC. However, many questions remain unclear regarding the 
roles of the microbiota in the occurrence of HCC. Further studies need to be performed on 
how the microbiota are assembled as well as on which factors contribute to their long-term 
stability in both health and illness. It seems that the future roles of probiotics, prebiotics and 
synbiotics may go beyond traditional gastrointestinal illnesses.
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