Name of Journal: World Journal of Gastroenterology
Manuscript NO: 60809
Manuscript Type: MINIREVIEWS

Role of bile acids in liver diseases mediated by the gut microbiome

Shao JW et al. Bile acids-gut microbiome-liver triangle

Jun-Wei Shao, Tian-Tian Ge, Sen-Zhong Chen, Gang Wang, Qin Yang, Chun-Hong Huang, Li-Chen Xu, Zhi Chen

Jun-Wei Shao, Tian-Tian Ge, Sen-Zhong Chen, Gang Wang, Qin Yang, Chun-Hong Huang, Li-Chen Xu, Zhi Chen, State Key Laboratory for Diagnosis and Treatment of Infectious Diseases, National Clinical Research Center for Infectious Diseases, Collaborative Innovation Center for Diagnosis and Treatment of Infectious Diseases, The First Affiliated Hospital, College of Medicine, Zhejiang University, Hangzhou 310003, Zhejiang Province, China

Author contributions: Chen Z, Shao JW and Ge TT carried out the concepts and designed the definition of intellectual content; Shao JW, Chen SZ and Yang Q carried out the literature search and manuscript editing. Wang G, Huang CH and Xu LC performed manuscript review; All authors have read and approved the content of the manuscript.

Supported by National Science and Technology Major Project of China, No. 2018ZX10302206.

Corresponding author: Zhi Chen, MD, PhD, Professor, State Key Laboratory for Diagnosis and Treatment of Infectious Diseases, National Clinical Research Center for Infectious Diseases, Collaborative Innovation Center for Diagnosis and Treatment of Infectious Diseases, The First Affiliated Hospital, College of Medicine, Zhejiang University, No. 79 Qingchun Road, Shangcheng District, Hangzhou 310003, Zhejiang Province, China. zjuchenzhi@zju.edu.cn

Received: November 14, 2020
Revised: March 8, 2021
Accepted: April 26, 2021
Published online: 

 4 / 32

Abstract
The intensive crosstalk between the liver and the intestine performs many essential functions. This crosstalk is important for natural immune surveillance, adaptive immune response regulation and nutrient metabolism and elimination of toxic bacterial metabolites. The interaction between the gut microbiome and bile acids is bidirectional. The gut microbiome regulates the synthesis of bile acids and their biological signaling activity and circulation via enzymes. Similarly, bile acids also shape the composition of the gut microbiome by modulating the host’s natural antibacterial defense and the intestinal immune system. The interaction between bile acids and the gut microbiome has been implicated in the pathophysiology of many intestinal and extra intestinal diseases, especially liver diseases. As essential mediators of the gut-liver crosstalk, bile acids regulate specific host metabolic pathways and modulate the inflammatory responses through farnesoid X-activated receptor and G protein-coupled bile acid receptor 1. Several clinical trials have demonstrated the signaling effects of bile acids in the context of liver diseases. We hypothesize the existence of a gut microbiome-bile acids-liver triangle and explore the potential therapeutic strategies for liver diseases targeting the triangle.
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Core Tip: This review explores the interaction between the gut microbiome, bile acids and liver disease. Bile acids are involved in liver immune and inflammatory responses via the membrane receptor G protein-coupled bile acid receptor 1 and the intracellular farnesoid-X receptor. The interaction between the gut microbiome and bile acids can control host immunological homeostasis and inhibit liver inflammation.

INTRODUCTION
[bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK16][bookmark: OLE_LINK17]Approximately 70%-75% of the liver blood supply is derived from the intestine, which forms the basis of the gut-liver axis[1]. Liver plays an important role in the immune response of the human body; it serves as the central hub of the crosstalk between the host metabolism and the intestinal microenvironment. Therefore, the liver is exposed to a large number of bacterial components, metabolites and microbiome-derived signals. Recent studies have indicated that bile acids act as pleiotropic signaling molecules that mediate the gut-liver crosstalk[2,3]. The complex relationship between bile acids and the gut microbiome (mutual dependence and inhibition) plays an important role in the maintenance of mammalian homeostasis.
[bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK6][bookmark: OLE_LINK7]The gut microbiome participates in the conversion of bile acids and regulates the synthesis and reabsorption of bile acids in the liver (Figure 1). Studies have found decreased activity and gene expression levels of cholesterol 7α-hydroxylase (CYP7A1), a rate-limiting enzyme in the classical synthesis pathway of bile acids, in CONV-R mice compared with those in germ-free mice[4,5]. Moreover, the volume of the bile acid pool in CONV-R mice is smaller, which may be related to the decreased expression of ileal sodium-dependent bile acid transporter, which leads to decreased reabsorption of bile acids in distal ileum and increased fecal excretion of bile acids[5]. The 7α-dehydroxylation reaction of the intestinal microbiome is an essential part of biological conversion[6]. The genus Clostridium exhibits 7α-dehydroxylation activity that can transform primary bile acids into secondary bile acids[7]. Most Gram-positive bacteria in the intestine have bile salt hydrolases activity, while only Bacteroides among the Gram-negative bacteria can hydrolyze conjugated bile acids into unconjugated bile acids. The biological functions of bile acids in the body vary depending upon their state[8]. Unconjugated bile acids can eliminate the pH differential across the cell membrane. The consequent disappearance of bio-energy driven by the proton pump can cause direct damage to the cell membrane. Eventually, bile acids inhibit the growth of certain bacteria and participate in the formation of the gut microbiome[9].
[bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK34][bookmark: OLE_LINK35]Bile acids, as essential signal molecules for bidirectional regulation between the liver and the intestinal tract, are mainly activated by the following two signaling pathways: binding of a signaling molecule to G-protein coupled bile acid receptor 1 (GPBAR1 or TGR5) and activation of the expression of the farnesoid X-activated receptor (FXR). The above two pathways control the balance of energy metabolism, regulate hepatic steatosis and inflammatory response and influence the composition of the gut microbiome by shaping intestinal immunity and some antimicrobial properties of endogenous peptides. Therefore, the use of bile acids as signaling molecules by the gut microbiome may play a role in the pathophysiology of liver diseases[10-13]. Better characterization of the specific sites of action of the gut microbiome and bile acids in different signaling pathways in liver diseases can lay the foundation for novel therapies targeting bile acids.

LIVER CANCER AND BILE ACIDS 
In a seminal study by Ma et al[10], ABX (primaxin, neomycin and vancomycin) fed mice exhibited fewer and smaller primary or metastatic liver cancer lesions, and this result was not related to the age, strain or sex. These results suggested that regulation of the gut microbiome may usefully alter the growth kinetics of liver tumors.
[bookmark: OLE_LINK1][bookmark: OLE_LINK20]Several studies have investigated the mechanism linking the gut microbiome and liver tumor immunity and surveillance. In a study, CD8+ T cells and natural killer T (NKT) cells in the liver tissues of ABX-treated EL4-tumor-bearing mice were significantly increased compared with that in the control group. However, in the ABX-treated MYC mice, only NKT cells were increased, and similar results were observed in normal mice without tumors. Moreover, ABX-treated mice showed increased expression of CXCL16 mRNA in the liver sinusoidal endothelial cells (LSEC). Further studies showed that CXCL16 is the only ligand of CXCR6, which can induce the accumulation of CXCR6+ hepatic NKT cells in the liver[14]. NKT cells can directly kill CD1d-expressing tumors (B16, EL4 and A20) and can also suppress liver tumors by secreting interferon-.
To identify the potential link between bile acids and NKT cells, the bile acid profile of ABX-treated mice was determined. The results showed significantly increased primary bile acids compared with that in H2O-treated mice. The findings were further confirmed after treatment of isolated LSECs with various bile acids or a combination of tauro-β-muricholic acid with -muricholic acid or tauro--muricholic acid; the results showed that primary bile acids could indeed upregulate the expression of CXCL16 mRNA. Predictably, the secondary bile acids (lithocholic acid) reversed the ABX-induced suppression of the growth of intrahepatic tumors growth and increased liver surface metastasis.
[bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK3]The above findings suggest that, the level of CXCL16 on LSECs can be upregulated by the gut microbiome through the primary bile acids, which leads to the accumulation of CXCR6+ hepatic NKT cells in the liver, while the secondary bile acids have the opposite effect. Although, ABX kills most of the bacteria in the mice intestine, the regulatory impact of the remaining bacteria on NKT cells cannot be excluded. To address this issue, the above experiment was repeated with germ-free mice. The results showed greater accumulation of NKT cells and increased expression of CXCL16 mRNA in the liver of germ-free mice. Some antibiotics such as cefoperazone and vancomycin were used against Gram-positive bacteria to increase primary bile acids and NKT cells in the liver, while depleting secondary bile acids. The 7-α dehydroxylation reaction is a key step in the transformation of primary bile acids into secondary bile acids[6]; Clostridium XIV among Gram-positive bacteria synthesizes 7-α dehydroxylase[7]. To explore the role of Clostridium in the accumulation of hepatic NKT cells, mice were first fed vancomycin to increase the NKT cells. One week later, the antibiotic treatment was replaced with Clostridium scidens, a type of Clostridium occurring in both humans and mice. On the second day after successful colonization of Clostridium scidens, hepatic NKT levels began to decline with a decrease in primary bile acids. The antibiotic effect was offset when antibiotic-treated mice were gavaged with bile acids metabolizing bacteria or were fed with secondary bile acids. Both the inhibition of intrahepatic tumor growth and accumulation of hepatic NKT cells were reversed in mice with an altered gut microbiome. Clostridium species is a key bacterium for regulating bile acid signal NKT cell accumulation.
[bookmark: OLE_LINK2][bookmark: OLE_LINK5][bookmark: OLE_LINK46][bookmark: OLE_LINK47]LSECs isolated from human samples were treated with chenodeoxycholic acid (CDCA) and taurocholic acid. The results were similar to the mouse study in that primary bile acids were also found to upregulate the expression of CXCL16 mRNA. Normal tissues excised from patients with cholangiocarcinoma and hepatocellular carcinoma showed a positive correlation between CDCA and CXCL16, while secondary bile acids were observed to have opposite results. The above findings indicate that gut microbiome-mediated bile acid metabolism regulates liver cancer via NKT cells, which is also applicable to the human body. 

NONALCOHOLIC FATTY LIVER DISEASE AND BILE ACIDS 
Nonalcoholic fatty liver disease (NAFLD) is a clinicopathologic syndrome characterized by excessive fat deposition in hepatocytes and other tissues caused by factors other than alcohol and other definitive causes of liver damage. In the absence of effective interventions, NAFLD may progress to fibrosis, cirrhosis and hepatocellular carcinoma. Environmental, genetic and metabolic factors as well as altered gut microbiome have been implicated in the pathogenesis of NAFLD. Bile acids and their metabolites help maintain the homeostasis of glucose, cholesterol and triglycerides in the liver and regulate inflammation; this is considered a potential therapeutic target for NAFLD[15,16].
Recent studies have revealed that the role of bile acids as signaling molecules may affect the development of NAFLD at multiple levels[17]. These regulatory activities are mainly achieved by FXR and TGR5, and different bile acids have different effects on these two signaling pathways[18]. FXR can regulate lipid and glucose metabolism through different pathways, such as by inhibiting the expression of hepatic gluconeogenesis genes and increasing liver glycogen synthesis and insulin sensitivity[19,20]. It can also induce the expression and secretion of liver fibroblast growth factor 21(FGF21), which as a metabolic regulator can stimulate the uptake of glucose in adipose tissue[21]. In addition, FXR activation inhibits lipogenesis, promotes fatty acid oxidation and affects cholesterol transport[22]. Bile acids can also activate the G protein-coupled receptor. TGR5 is expressed in nonparenchymal hepatocytes, monocytes and a variety of macrophages that secrete various inflammatory mediators and play an important role in regulating inflammatory responses[23]. Bile acids can inhibit the lipopolysaccharide-induced secretion of interleukin (IL)-6, IL-1A and IL-1B; in addition, bile acids can inhibit the secretion of tumor necrosis factor by Kupffer cells through a TGR5-cAMP-dependent pathway[24]. TGR5 can also regulate glucose homeostasis by inducing the expression of glucagon-like peptide-1 and inhibiting the activation of Nod-like receptor protein 3 inflammasome. Activation of TGR5 results in increased energy expenditure and weight loss[25,26]. TGR5 or FXR agonists can reduce lipogenesis, improve cholesterolemia, induce energy consumption and reduce liver inflammation in NAFLD patients[27,28]. 
[bookmark: OLE_LINK4][bookmark: OLE_LINK8]Clinical studies have implicated disorders of bile acid homeostasis and related signaling pathways in the occurrence of NAFLD[29]. The serum concentration of total bile acids in patients with nonalcoholic steatohepatitis was three times higher than that in healthy individuals. Moreover, the composition of the bile acid pool was also different in these two groups[30]. Bile acids have a direct antibacterial effect; through FXR, they can induce the production of antibacterial peptides, such as angiogenin 1, which participates in the shaping of the gut microbiome[31]. During the development and progression of NAFLD, disruption of bile acid balance is also accompanied by disruption of the gut microbiome. Therefore, the liver-bile acid-gut microbiome triangle is a good entry point for the treatment of NAFLD.
In two human studies, obeticholic acid (OCA), an FXR agonist, was shown to decrease liver fibrosis markers and improve insulin resistance in patients with NAFLD[32]. Patients receiving OCA treatment showed a significant decrease in high-density lipoprotein and an increase in low-density lipoprotein levels. Compared with the placebo-treated group, OCA significantly improved the NAFLD Activity Score while significantly reducing liver fibrosis[33,34]. As a derivative of cholic acid, INT-777 is a selective agonist of TGR5 that increases energy expenditure and induces weight loss in high fat diet-fed mice[35]. McMahan et al[27] found that INT-767, a dual agonist of FXR/TGR5, can reduce the expression of proinflammatory factors, decrease hepatic steatosis and transform monocytes and macrophages to the anti-inflammatory M2 phenotype.

ALCOHOL-RELATED LIVER DISEASE AND BILE ACIDS
Alcohol-related liver disease (ALD) is caused by chronic consumption of alcohol. It is initially characterized by liver steatosis, which in turn can develop into alcoholic hepatitis, liver fibrosis and cirrhosis. Alcohol can cause damage to multiple target organs, especially the brain, intestines and liver. It worth noting that alcohol intake can alter the structure of the gut microbiome prior to the occurrence of overt liver diseases.
Continued drinking in patients with alcoholic cirrhosis can aggravate gut microbiome disorders, reduce the detection of gut commensal bacteria in feces and worsen the function of the duodenal and colonic mucosa. Chronic alcohol exposure is associated with gut microbiome dysbiosis in preclinical models and the human gut, which is associated with the pathogenesis of ALD. Previous studies have shown altered gut microbiome in patients with alcoholic cirrhosis, which was characterized by an increase in endotoxin-producing bacteria and a decrease in the gut commensal bacteria[36]. Changes in composition of the gut microbiome may alter brain function, and alcohol abuse can also affect the gut-brain axis; this may further aggravate alcohol dependence and induce affective disorders, ultimately, accelerating the development of hepatic encephalopathy. Compared to people who do not have the disease and do not drink alcohol, patients with alcoholic cirrhosis have higher levels of endotoxins and worse gut microbiome dysbiosis even after cessation of alcohol intake[36]. This indicates that alcohol-induced damage to the gut microbiome continues even after cessation of intake and that the damage also extends to the gut-brain axis, leading to cognitive impairment[37].
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]FXR negatively regulates CYP7A1, which is a rate-limiting enzyme for bile acid synthesis via FGF15. In long-term alcohol-fed mice, ethanol was shown to negate the negative regulation of bile acids by conjugated CDCA through the FXR pathway and increase the expression of CYP7A1 protein in liver cells; this ultimately led to an increased concentration of bile acids in the serum and liver. FXR can induce the expression of antimicrobial molecules in intestinal epithelial cells to prevent alcohol-induced damage to the enteric tight junctions and avoid loss of intestinal barrier integrity[38]. Intragastric administration of the FXR agonist fexaramine caused a decrease in serum alanine aminotransferase levels and hepatic IL-1B and tumor necrosis factor protein. This is because FXR can increase the small heterodimer partner protein to inhibit intestinal inflammation and protect the integrity of the intestinal barrier[11]. The above finding indicates that FXR agonists can negatively regulate the synthesis of bile acids and reduce the concentration of serum bile acids, which can alleviate alcohol-induced steatosis and liver inflammation. Administration of antibiotics to chronic drinkers was found to reduce alcohol-related liver disease. This is because antibiotics can kill gut commensal bacteria, reduce the concentration of bile acids and inhibit the hydrolysis of bile acids; this can only reduce the toxicity of deoxycholic acid to hepatocytes and stabilize the intestinal barrier function.
In summary, alcohol-related changes in the gut microbiome can ultimately alter the bile acid profile. Interventions targeting the bile acid-FXR-FGF15 signaling pathway to regulate the synthesis of CYP7A1 and lipid metabolism can reduce the occurrence of ALD in mice. As a signaling molecule, bile acids can modulate the complex interactions between the gut microbiome and alcohol through the gut-liver-brain axis. Therefore, FGF19 and fexaramine are good candidates for the treatment of ALD.

[bookmark: OLE_LINK38][bookmark: OLE_LINK39]CHOLESTATIC LIVER DISEASES AND BILE ACIDS
[bookmark: OLE_LINK44][bookmark: OLE_LINK45]Chronic cholestasis can lead to liver damage by affecting the expression levels of nuclear receptors and bile acid transporters. Hydrophobic bile acids can induce hepatocyte injury. Bile salt can cause apoptosis at concentrations of 50-200 µmol/L, induce proinflammatory responses at concentration of 200 µmol/L and cause cell necrosis at concentrations of 200-2000 µmol/L[39-42]. The progress of autoimmune cholestatic liver diseases also affects the composition of the gut microbiome, aggravating the development of cholestasis in this interactive cycle[43].
Cholestatic liver diseases are often accompanied by gut microbiome dysbiosis and reduced bacterial diversity[44]. Kummen et al[45] found that the gut microbiome of patients with primary sclerosing cholangitis (PSC) was significantly different from that of patients with ulcerative colitis without liver disease as well as that of healthy individuals. The Veillonella genus was overexpressed only in the intestines of patients with PSC. It is worth noting that Veillonella showed a positive correlation with the pathogenesis of fibrosis, not only in PSC but also in other fibrotic diseases, such as idiopathic pulmonary fibrosis[46]. The changes in gut commensal bacteria are related to the pathogenesis of NAFLD and ALD and to primary biliary cholangitis (PBC) and PSC. This may be related to the abnormal development of immunity caused by an imbalance of the gut microbiome, resulting in imbalanced production of injurious vs cytoprotective metabolites[46]. 
In previous studies, bile acids have been considered a tissue-damaging factor that promotes inflammation owing to its chemical properties; its detergent effect can destroy the cell and mitochondrial membranes[47]. Overall, there are three important pathways of cytotoxicity induced by bile acids: (1) oxidative stress in the endoplasmic reticulum and mitochondria; (2) direct activation of death receptors Traill2 and Fas; and (3) lysis of the plasma membrane of liver cells. Thus, accumulation of hydrophobic bile acids is the leading cause of cholestatic liver diseases. However, a recent article suggested that two derivatives of lithocholic acid (LCA) (isoalloLCA and 3-oxolCA) can influence the adaptive immune response by regulating the differentiation of T helper (Th)17 and regulatory T (Treg) cells[48]. They are mutually restricted in function, and the change in their ratio has a decisive role in the pathogenesis and clinical prognosis of autoimmune and inflammatory diseases. Many studies have shown an imbalance between Th17 and Treg cells in patients with PBC[49-52]. These patients presented with a defective CD8+ Treg cell subset and preferentially activated Th17 cells[53]. IsoalloLCA can promote the differentiation of Treg cells by increasing mitochondrial reactive oxygen species synthesis and the expression of H3K27ac in the Foxp3 promoter region under the induction of the TGF-β signal[48]. Another LCA derivative, 3-oxoLCA, inhibits Th17 cells differentiation, manifested by significantly reduced IL-17a, thereby inhibiting inflammation[48]. The results demonstrated that LCA derivatives (isoalloLCA and 3-oxoLCA) can regulate the balance between Th17 and Treg cells, which is of great significance for the treatment of cholestatic liver diseases. Moreover, isoalloLCA and 3-oxoLCA are expected to be used for the treatment of autoimmune or inflammatory diseases mediated by Th17/Treg cells imbalance in the future.
Bile acids play an important role in regulating both adaptive and innate immune systems through the gut-bile acids-liver triangle. Among them, ursodeoxycholic acid (UDCA) is currently the only drug that has been approved for the treatment of PBC. It can effectively reduce the retention of toxic bile acids in liver cells and alleviate liver damage[54,55]. However, UDCA has limited efficacy in cholestatic liver disease[56]; in addition, some patients are unable to tolerate the adverse effects of UDCA (such as gastrointestinal symptoms)[57].
Development of effective medical therapy for cholestatic liver disease is a key imperative. 24-norursodeoxycholic acid (norUDCA), a C23 homologue of UDCA with shortened lateral chains, has effective antifibrosis, anticholestatic and anti-inflammatory properties[58,59]. In a phase II clinical study, 12-wk treatment with norUDCA caused a significant dose-dependent reduction in serum alkaline phosphatase levels in PSC patients. A multicenter randomized controlled trial evaluated the efficacy and safety of norUDCA (500 mg/d, 1000 mg/d or 1500 mg/d) compared with placebo in PSC patients. NorUDCA was shown to have an excellent safety profile similar to placebo[60]. Another bile acid, OCA (an FXR agonist), has shown potential benefits for PBC. It has approximately 100 times greater potency in activating FXR than CDCA[61]. OCA protects hepatocytes from the toxic effects of bile acids by activating the FXR receptor, reducing bile acids synthesis and improving choleresis. In addition to the effect of FXR on bile acid homeostasis, OCA monotherapy can improve the secretion of IgM and tumor necrosis factor-α and has direct immunomodulatory, antifibrosis and anti-inflammatory effects[62,63]. In clinical trials, OCA monotherapy caused a significantly greater decrease in alkaline phosphatase and bilirubin levels from baseline as compared to placebo. However, OCA treatment caused a dose-related increase in pruritus[34,57]. In conclusion, OCA may represent a new treatment option for PBC patients who cannot tolerate UDCA. Discovery of new bile acids and understanding the best way to use various bile acids may help develop new treatments for cholestatic liver disease.

LIVER FIBROSIS AND BILE ACIDS
Previous studies have shown that gut microbiome changes or dysbiosis in patients with chronic liver disease or cirrhosis are often accompanied by a significant reduction in total bile acids and secondary bile acid/primary bile acid ratio[8]. The dysbiosis is characterized by a decrease in bile acid 7α-dehydroxylating bacteria, a change in Bacteroides/Firmicutes ratio and an increase in pathogenic Gram-negative bacteria[64-66]. During the progression of cirrhosis, there is overgrowth of pathogenic bacteria in the small intestine, due to translocation of lipopolysaccharide, endotoxins and other metabolites and the resultant inﬂammation. In fact, studies have demonstrated a positive correlation of Enterobacteriaceae with endotoxemia inflammation and CDCA levels in feces. These metabolites derived from oxidative stress and the metabolism of ammonia and aromatic amino acids were positively related to Porphyromonadaceae and Enterobacteriaceae and closely related to the occurrence of hepatic encephalopathy[67]. 
Kakiyama et al[8] proposed that gut microbiome dysbiosis in cirrhotic patients is partly attributable to the decreased concentration of bile acids in the intestine. For example, the decrease in the number of bile acid 7α-dehydroxylating bacteria is caused by the reduction in the level of primary bile acids in the colon, which serves as an energy source[7,68]. Reduced levels of bile acids entering the small intestine can lead to overgrowth of proinﬂammatory and pathogenic bacteria and induce the release of inﬂammatory markers as well as an increase in liver inflammation[69]. Liver inflammation triggers a positive-feedback mechanism, which can further inhibit the synthesis of bile acids[70]. The size and composition of the bile acid pool can significantly regulate the gut microbiome structure and serve as an indicator of the severity of hepatic diseases. In summary, the balance of the liver-bile acid-gut microbiome axis is essential for human health and liver fibrosis.
 DCA, the most effective antimicrobial in bile acids, is produced by bile acid 7α-dehydroxylating bacteria[71]. Studies have shown that increasing the DCA/cholic acid ratio in patients with cirrhosis can improve the toxic metabolites from the gut microbiome and increase the incidence of endotoxemia and hepatic encephalopathy, which may be related to the destruction of the intestinal mucosal barrier by DCA[8,72,73]. Compared with DCA, which exacerbates barrier dysfunction, LCA has a much less destructive effect on the gut microbiome due to its insolubility in water and easy excretion with feces[72,73]. TGR5 is a membrane receptor that can be activated by a variety of bile acids, among which LCA is its most potent natural agonist[18]. In the study by Guo et al[74], LCA inhibited the activation of Nod-like receptor protein 3 inflammasome via the TGR5-cAMP-protein kinase A axis, which significantly repressed the maturation of caspase-1 and the secretion of IL-B or IL-18. In addition, LCA was also shown to reduce the release of proinflammatory cytokines induced by lipopolysaccharide and the phagocytic activity of macrophages through TGR5, thus inhibiting liver inflammation[24,75-77]. Recent studies have shown that two different metabolites of LCA can also control host immune responses both in human and mice[78-80]. In clinical studies, LCA content in the stool of patients with advanced cirrhosis was significantly lower than that in patients with early cirrhosis[8]. Previous studies have focused on the cytotoxicity of bile acids. However, recent studies have revealed the anti-inflammatory and immunomodulatory effects of bile acids. Increasing evidence has shown that bile acids are a potential therapeutic target against inflammatory diseases. An appropriate increase in the concentration of bile acids in patients with liver cirrhosis may repress liver inflammation and improve liver fibrosis, which deserves further discussion.

CONCLUSION
[bookmark: OLE_LINK54][bookmark: OLE_LINK57][bookmark: OLE_LINK11][bookmark: OLE_LINK12]Numerous studies in recent decades have shown that the function of bile acids is beyond that of “digestive surfactants.” At the host level, there is a clear relationship between bile acid signaling and innate immunity in the liver and intestine. In other words, bile acids are the cornerstone of the immune axis between the liver and the gut microbiome. As a mediator in the gut-liver axis, bile acids can regulate the inflammatory response, host metabolism and innate immunity, which are effective therapeutic targets in the context of various hepatic diseases (Table 1). However, most contemporary research on bile acids is based on genetically modified mice models, while the immune system, bile acid metabolism and the gut microbiome of mice are vastly different from that of humans. Recent clinical trials of FXR agonists have yielded promising results. Preclinical data suggest that gut microbiome metabolism of bile acids is also a potential therapeutic target. Changes in the gut microbiome to regulate the composition of bile acids can improve liver health through the use of antibiotics, probiotics, prebiotics and fecal bacteria transplantation[81,82]. The complex interactions between bile acids and host-microbiome in the gut-liver axis are only beginning to be understood. Clinical trials and further in-depth studies can help characterize the different roles of bile acids in healthy individuals and patients with hepatic diseases, allowing their optimal utilization as potential therapeutic targets.
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Figure Legends
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Figure 1 Bile acids play bidirectional action between the liver and the gut microbiome. Bile acids can upregulate CXCL16 on liver sinusoidal endothelial cells to induce the accumulation of CXCR6+ natural killer T cells, which kill tumor cells directly or through interferon-.The farnesoid X receptor improves the expression of fibroblast growth factor 19 (FGF19) in the enterocyte after being activated by bile acids. FGF19 is the ligand of FGFR4 and can suppress the expression of cholesterol 7α-hydroxylase with the help of Klotho beta. The presence of Klotho beta can activate FGFR4. In other words, bile acids can activate the farnesoid X receptor to increase the expression of bile salt export protein, organic anion transporting polypeptides 1B3, and small heterodimer partner. However, small heterodimer partner can suppress the activation of cholesterol 7α-hydroxylase and Na+-taurocholate cotransporting polypeptide. Red and green arrows indicate positive and negative effects, respectively. NKT: Natural killer T; BA: Bile acid; IFN-: Interferon-; BSEP: Bile salt export protein; FGF19: Fibroblast growth factor 19; FGFR4: Fibroblast growth factor receptor 4; FXR: Farnesoid X receptor; KLB: Klotho beta; NTCP: Na+-taurocholate cotransporting polypeptide; SHP: Small heterodimer partner; ASBT: sodium-dependent bile acid transporter; CYP7A1: Cholesterol 7α-hydroxylase; MRP2: Multidrug resistance-associated protein 2; OATPs: Organic anion transporting polypeptides; LSEC: Liver sinusoidal endothelial cells; OATP1B3: Organic anion transporting polypeptides 1B3.


Table 1 Bile acids regulate host immunological homeostasis and inflammatory response
	Title
	Ref.
	Target
	Result

	Microbial bile acid metabolites modulate gut RORγ+ regulatory T cell homeostasis
	Song et al[83], 2020
	BA nuclear receptors
	Restoration of the intestinal BA pool can increase colonic RORγ+ Treg cell counts and ameliorate host susceptibility to inflammatory colitis

	Bile acid metabolites control Th17 and Treg cell differentiation
	Hang et al[48], 2019
	Derivatives of LCA, 3-oxoLCA and isoalloLCA
	Administration of 3-oxoLCA and isoalloLCA to mice reduced Th17 cell differentiation and increased Treg cell differentiation, respectively, in the intestinal lamina propria 

	Bile acids control inflammation and metabolic disorder through inhibition of NLRP3 inflammasome
	Guo et al[26], 2016
	Membrane receptor TGR5
	Bile acids inhibited activation of the NLRP3 inflammasome via the TGR5-cAMP-PKA axis.

	Gut microbiome–mediated bile acid metabolism regulates liver cancer via NKT cells
	Ma et al[10], 2018
	Hepatic CXCR6+ NKT cells
	Microbiome uses bile acids as a messenger to accumulate NKT cells, which have an activated phenotype and inhibit liver tumor growth.

	TGR5 activation inhibits atherosclerosis by reducing macrophage inflammation and lipid loading
	Pols et al[77], 2011
	Membrane receptor TGR5
	TGR5 activation in macrophages by 6a-ethyl-23(S)-methylcholic acid (6-EMCA, INT-777), a semisynthetic BA, inhibits proinflammatory cytokine production, an effect mediated by TGR5-induced cAMP signaling and subsequent NF-κB inhibition.


NKT: Natural killer T; BA: Bile acid; LCA: Lithocholic acid; TGR5: G-protein coupled bile acid receptor 1; Treg: Regulatory T; Th: T helper; PKA: Protein kinase A; RORγ: RAR-related orphan receptor gamma; NLRP3: NLR family pyrin domain containing 3. 
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