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Introduction

Bile acids are physiological detergent molecules produced 
exclusively by hepatocytes from cholesterol (1). After 
synthesis, bile acids are efficiently conjugated to glycine 
or taurine and present in the form of bile salts under 
physiological pH (2). In liver, conversion of cholesterol 
to bile acids is the major cholesterol catabolic pathway. 

Secretion of bile acids across the apical membrane of 
hepatocytes into the bile generates bile flow and facilitates 
cholesterol solubilization (3). Bile acids in bile are further 
concentrated in gallbladder during fasting and released 
into the small intestine postprandially. One of the classic 
functions of bile salts is to help emulsify dietary lipids in 
mixed micelles and facilitate their digestion and absorption 
in the small intestine. Majority of the bile acids are re-
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absorbed mainly in the terminal ileum and transported back 
to the liver for re-secretion into bile. Bile acids circulates 
between liver and intestine a few times a day, which is 
referred to as the enterohepatic circulation of bile acids. 
Although the classic physiological functions of bile acids 
depend on their physiochemical property as amphipathic 
detergent molecules, bile acids also act as endogenous 
ligands for a few intracellular nuclear receptors and cell 
surface G protein coupled receptors (4-6). These bile acid-
activated receptors play important roles in regulating 
various biological functions ranging from metabolic 
homeostasis to immune responses and cell proliferation. 
Disrupted bile acid homeostasis has been associated with 
various forms of genetic and acquired human diseases, while 
therapeutic approaches targeting bile acid metabolism, 
transport and signaling have been developed as promising 
therapies of liver and metabolic diseases (7). In this review 
we will briefly summarize the basic knowledge of bile acid 
chemistry and biology, and then discuss the recent advances 

in bile acid-based therapies for cholestasis and non-alcoholic 
steatohepatitis (NASH) and the emerging roles of bile acid 
signaling in alcoholic liver disease (ALD). 

Bile acid synthesis and regulation

Enzymes in the endoplasmic reticulum, mitochondria, 
cytosol, and peroxisomes mediate the multi-step conversion 
of cholesterol to bile acids (8). Current evidence suggests 
that hepatocyte is the only cell type that express all enzymes 
required for de novo bile acid synthesis, while certain 
oxysterol intermediates produced in extrahepatic tissues 
can enter the bile acid synthesis pathway in hepatocytes. 
As shown in Figure 1A, bile acid synthesis converts the C27 
cholesterol molecule to C24 bile acid molecules with several 
hydroxyl groups positioning on one side of the steroid 
nucleus, which renders bile acids amphipathic properties. 
After synthesis, the side chain of bile acids is linked to either 
glycine or taurine to form conjugated bile acids (Figure 
1B). Under physiological pH, conjugated bile acids are 
ionized and soluble. Conjugated bile acids are membrane 
impermeable and their transport is mediated by various 
transporters in the enterohepatic system. The human bile 
acid pool consists of two primary bile acids cholic acid 
(CA) and chenodeoxycholic acid (CDCA), which accounts  
for ~80% of the total bile acid pool. In mice, majority of 
CDCA is further converted to isoforms of muricholic acids 
(MCA). CA and MCAs are therefore the predominant 
primary bile acid species in mice. Bile acid pool contains 
numerous secondary bile acids that are formed from primary 
bile acids in small and large intestine by bacterial enzymes. 
Deoxycholic acid (DCA) is the major secondary bile acid 
in humans and mice and can account for up to 20% of the 
total bile acid pool. Other common secondary bile acids 
such as lithocholic acid (LCA) and ursodeoxycholic acid 
(UDCA) are present in trace amount under physiological 
conditions. 

De novo bile acid synthesis in hepatocytes

Hepatocytes synthesize primary bile acids via two pathways, 
namely the classic pathway and the alternative pathway 
(Figure 2). It is believed that the classic bile acid synthesis 
pathway accounts for about 80% of the total bile acid 
production in humans, while in rodents such as mice and 
rats the alternative pathway may contribute to half of the 
total bile acid synthesis. In the classic bile acid synthesis 

Figure 1 The biochemical property of bile acids. (A) Cholesterol 
and cholic acid structure. Compared to cholesterol, cholic acid 
has hydroxyl groups at the C7 and C12 position, a shortened and 
oxidized sterol side chain, and C5-C6 double bond saturation; (B) 
illustration of glycine and taurine conjugated bile acids. Bile acids 
conjugation is mediate by the bile acid CoA ligase (BAL) and the 
bile acid CoA: amino acid N-acetyltransferase (BAAT). 
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pathway cholesterol is hydroxylated at the C-7 position by 
the rate-limiting cholesterol 7α-hydroxylase (CYP7A1), 
a cytochrome p450 enzyme located in the endoplasmic 
reticulum, to produce 7α-hydroxycholesterol (9). The 
downstream intermediate 7α-hydroxy-4-cholestene-3-

one (C4) is the common precursor of CDCA and CA and 
has been used as a surrogate marker for hepatic bile acid 
synthesis rate (10,11). Microsomal sterol 12α-hydroxylase 
(CYP8B1)-mediated C-12 hydroxylation of C4 results in 
the production of CA. Alternatively, C4 will be converted 

Figure 2 Bile acid synthesis pathways. The classic and alternative bile acid synthesis pathways and major enzymes involved in bile acid 
synthesis. Major enzymes in the pathways are shown. CYP7A1 is the rate-limiting enzyme in the classic bile acid synthesis pathway. In 
humans, hepatic bile acid synthesis produces the primary bile acid cholic acid and CDCA. In the small and large intestine, primary bile acids 
can be deconjugated by BSH and then modified by bacterial enzymes to produce secondary bile acids. Bacterial 7α-dehydroxylase removes 
C7 hydroxyl group to convert cholic acid to DCA and CDCA to LCA. Other secondary bile acids also exist at very low abundance in the 
bile acid pool. CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; LCA, lithocholic acid; BSH, bile salt hydrolases. 
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to CDCA if the C-12 position is intact. The mitochondrial 
sterol 27-hydroxylase (CYP27A1) catalyzes the hydroxylation 
and oxidation of the sterol side chain (12). The subsequent 
enzymatic sterol side chain cleavage to produce C-24 bile 
acids and bile acid CoA: amino acid N-acyltransferase 
(BAAT)-mediated conjugation to taurine or glycine occurs 
in the peroxisomes (2,13). In the alternative pathway, 
CYP27A1 mediates the hydroxylation and oxidation of the 
cholesterol side-chain to produce 27-hydroxycholesterol 
and then 3β-hydroxy-5-cholestenoic acid before other 
enzymatic modifications of the steroid nucleus occur. 
The alternative pathway is also referred to as “the acidic 
pathway” because the intermediates in this pathway 
contain a C27-carboxylic acid group, while the classic 
pathway is sometimes referred to as “the neutral pathway”. 
The oxysterol 7α-hydroxylase (CYP7B1) mediates the 
C-7 hydroxylation reaction in the alternative pathway. It 
was originally thought that the alternative pathway only 
produces CDCA. However, recent studies showed that in 
Cyp7a1 deficient mice hepatic CYP7B1 and CYP8B1 were 
induced and the bile acid pool in Cyp7a1 deficient mice still 
contained a substantial amount of CA (14), suggesting that 
the alternative pathway produces both CDCA and CA. 

Bacterial transformation of bile acids: synthesis of 
secondary bile acids

Primary bile acids undergo bacterial enzyme-mediated 
biotransformation to produce secondary bile acids in the 
ileum and large intestine (15). Bacterial bile salt hydrolases 
(BSH) convert conjugated bile acids to free bile acids, which 
further undergo 7α de-hydroxylation reaction by bacterial 
7α-dehydroxylase. This reaction converts CA to DCA 
and CDCA to LCA (15-17). Unconjugated primary and 
secondary bile acids are passively re-absorbed in the ileum 
and large intestine and conjugated in hepatocytes (18). The 
fecal bile acids consist of predominantly unconjugated bile 
acids. Other minor secondary bile acids are also produced 
through deconjugation, de-hydroxylation, hydroxylation, 
and epimerization reactions, which has been discussed in 
detail elsewhere (7). 

Species-dependent differences in bile acid synthesis and 
composition

Because biomedical research is primarily conducted in 
rodent models, it is important to point out the species-
dependent differences in the bile acid pool composition. 

The de novo bile acid synthesis pathways are highly 
conserved in humans, rats and mice, but the majority of 
the CDCA is converted to isoforms of MCA (α-MCA, 
β-MCA and ω-MCA) in mice and rats. The α-MCA has 
a 7α-hydroxyl group while β-MCA has a 7β-hydroxyl 
group. Both α-MCA and β-MCA have a 6β-hydroxyl 
group. The ω-MCA contains a 7β-hydroxyl group and a 
6α-hydroxyl group. The C-6 hydroxylation renders MCAs 
more hydrophilic bile acids with significantly reduced 
signaling properties. Therefore, changes in bile acid pool 
composition are expected to have differential impacts 
on bile acid-regulated biological effects in humans and 
mice. A recent study suggests that the Cyp2c-cluster may 
encodes enzymes that mediate C-6 hydroxylation of bile 
acids in mice (19). The species-dependent difference in 
bile acid pool composition also exists in that mice and rats 
predominantly use taurine for bile acid conjugation while 
the bile acid pool in humans and some non-human primates 
contains both glycine-conjugates and taurine-conjugates in 
roughly 3:1 ratio (20,21). The BAAT substrate specificity 
and possibly the availability of taurine and glycine in the 
peroxisomes have been suggested to dictate the preferential 
use of glycine or taurine for bile acid conjugation in 
humans and rodents (2,22,23). Liver is a major organ 
for taurine synthesis from cysteine, which is catalyzed 
by cysteine dioxygenase 1 (CDO1) and cysteine sulfinic 
acid decarboxylase (CSAD) (24). Recent studies showed 
that both enzymes in taurine synthesis are repressed by 
bile acids and FXR, suggesting that taurine synthesis and 
bile acid synthesis are coordinately regulated by bile acids  
(25-27). Over-activation of the taurine synthesis pathway 
may deplete hepatic cysteine and glutathione to increase 
hepatic sensitivity to oxidative stress (26).

Enterohepatic circulation of bile acids

The enterohepatic circulation of bile acids refers to 
the process of bile acid secretion across the canalicular 
membrane of hepatocytes into bile, bile acid release into 
the small intestine, re-absorption at the terminal ileum, and 
basolateral uptake into hepatocytes for re-secretion into 
bile. The ATP-binding cassette (ABC) transporter bile salt 
export pump (BSEP, ABCB11) mediates the canalicular bile 
acid secretion into bile against the concentration gradient, 
which is the rate-limiting step in bile formation (28,29). 
BSEP shows a hepatocyte-specific expression and high 
substrate specificity for conjugated bile acids. In contrast, 
the multidrug resistance-associated protein-2 (MRP2, 
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ABCC2) mediates the apical secretion of sulfated and 
conjugated bile acids, bilirubin glucuronide and glutathione. 
In hepatocytes, the apical ABCG5 and ABCG8 heterodimer 
mediates cholesterol secretion into bile (30) and the multi-
drug resistant 3 (MDR3, ABCB4) mediates the apical 
secretion of phosphatidylcholine (31). Bile acids, cholesterol 
and phospholipids are three major constituents in bile. 
They form mixed micelles, which is necessary to prevent 
cholesterol precipitation in bile and the toxicity of free bile 
acids to biliary epithelial cells. Under fasting, the high tone 
of the sphincter of Oddi provides high pressure resistance 
that promotes bile to enter the gallbladder where bile acids 
are further concentrated in bile. Postprandial release of 
the gut hormone cholecystokinin by the neuroendocrine 
cells stimulates gallbladder contraction and sphincter of 
Oddi relaxation to release bile into small intestine (32), 
where bile acids form mixed micelles with dietary lipids 
to facilitate their digestion and absorption. The terminal 
ileum is the major site of active bile acid transport across 
the enterocyte into the portal circulation. The apical 
sodium-dependent bile salt transporter (ASBT, SLC10A2) 
mediates the apical uptake of conjugated bile acids into 
enterocytes (33-35). Bile acids bind to the bile acid binding 
protein (I-BABP) intracellularly and are secreted across the 
basolateral membrane by the organic solute transporters 
OSTα (SLC51A) and OSTβ (SLC51B) heterodimer into 
the portal circulation (36-38). About 95% of the bile acids 
are re-absorbed in the intestine and transported back to the 
liver. The Na+-taurocholate co-transporting polypeptide 
(NTCP, SCL10A1) is the major basolateral conjugated-
bile acid uptake transporter in hepatocytes (39-41) and 
several isoforms of the organic anion transporters (OATPs) 
mediate Na+-independent basolateral uptake of conjugated 
and un-conjugated bile acids (18,42). The first pass bile acid 
extraction rate is about 90% and for this reason the systemic 
bile acid concentration is markedly lower than the portal 
bile acid concentration under normal physiology (43). 

Regulation of bile acid homeostasis

Bile acids regulate various biological pathways via activation 
of intracellular and cell surface bile acid receptors. The 
well-studied bile acid receptors are farnesoid x receptor 
(FXR), Takeda G receptor 5 (TGR5) and sphingosine 
1 phosphate receptor (S1PR), which mediate bile acid 
regulation of bile acid homeostasis, nutrient metabolism, 
immune response and cell proliferation. FXR belongs to the 
nuclear receptor superfamily of ligand-activated transcription 

factors (44). Conjugated and unconjugated CDCA and CA 
are endogenous ligands for FXR. Among all major bile acid 
species, CDCA is the strongest FXR agonist with an EC50 
value of about 10–20 µM. Hydrophilic bile acids such as 
UDCA and MCAs do not activate FXR (45). TGR5 is a G 
protein-coupled receptor expressed in adipocytes, skeletal 
muscle, intestine and macrophages but not hepatocytes. 
Secondary bile acids LCA and DCA activate TGR5 (6,46). 
Liver and intestine are exposed to high levels of endogenous 
bile acids. However, bile acid concentration in the 
systemic circulation is usually well below the EC50 of FXR 
and TGR5. Potent FXR and TGR5 agonists have been 
developed and have shown great potential as therapeutics 
for cholestasis, NAFLD and diabetes. The molecular basis 
for the beneficial effects of bile acid receptor agonists are 
briefly discussed below.

As mentioned early, about 5% of bile acids is lost 
daily in feces. This amount roughly equals to the amount 
produced via de novo synthesis in liver, and a constant bile 
acid pool is maintained. There are several FXR-mediated 
bile acid sensing mechanisms in the liver and intestine 
that help regulate bile acid homeostasis. In general, when 
intracellular bile acid concentration increases, FXR inhibits 
bile acid uptake and promotes bile acid secretion to prevent 
intracellular bile acid accumulation. In response to increased 
intracellular bile acid concentration, FXR also inhibits the 
transcription of genes in bile acid synthesis. When bile 
acid concentration decreases, hepatic bile acid synthesis is 
induced and intestine bile acid preservation is maintained. 

The mechanisms by which bile acids feedback inhibit 
bile acid synthesis have been extensively investigated and 
are relatively well understood. CYP7A1, the rate limiting 
enzyme in the classic bile acid synthesis pathway is mainly 
controlled at the transcriptional level. The human, mouse 
and rat CYP7A1 gene proximal promoter contains a bile 
acid response element-I (BARE-I) that binds two nuclear 
receptors hepatocyte nuclear factor 4α (HNF4α) and liver 
related homolog-1 (LRH-1). The endogenous ligands 
for HNF4α and LRH-1 are unknown. It is believed that 
HNF4α and LRH-1 are constitutively active and maintains 
CYP7A1 expression in hepatocytes. Mutations of the 
BARE-I sequence significantly reduced CYP7A1 promoter 
activity. Hepatocyte FXR induces a nuclear receptor small 
heterodimer partner (SHP), which acts as a co-repressor of 
HNF4α and LRH-1 to inhibit CYP7A1 gene transcription 
(47,48). Bile acid re-uptake mainly occurs at the terminal 
ileum where ASBT is highly expressed. Here FXR induces 
the transcription of an endocrine hormone fibroblast 
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growth factor 15 (FGF15), which inhibits CYP7A1 gene 
transcription in hepatocytes by binding to the cell surface 
FGF receptor 4 (FGFR4) (49). FGF15 repression of 
CYP7A1 partially depends on intracellular activation of 
the ERK1/2 signaling, but the downstream events are 
still incompletely understood (50). FGF19 is the human 
orthologue of FGF15. Similar to FGF15, FXR induces 
FGF19 transcription (50,51) and FGF19 binds FGFR4 
to repress CYP7A1 gene transcription (50,51). However, 
human primary hepatocytes express FGF19 but mouse 
hepatocytes do not express FGF15 (50,52). Intrahepatic bile 
acid accumulation induces FGF19 to repress CYP7A1 via 
autocrine manner in humans, but this mechanism is absent 
in mice (49,52). It has been reported that CYP7A1 mRNA 
has a relatively short half-life of about 30 min (53), which 
renders CYP7A1 sensitive to post-transcriptional regulation 
at the level of mRNA stability. Studies have shown that 
FGF19 treatment rapidly repressed CYP7A1 mRNA within 
2 h of treatment initiation (54-56). A new study reported 
that FXR induced a RNA-binding protein ZFP36L1 to 
promote CYP7A1 mRNA degradation (57). These findings 
suggest that there are redundant pathways mediating 
the bile acid feedback inhibition of bile acid synthesis. 
Abolishing a single pathway will less likely prevent bile acid 
feedback inhibition of bile acid synthesis. To date, reports 
of regulation of CYP7A1 function at the enzymatic activity 
level are still scarce. 

FXR regulation of bile acid transport in the enterocyte is 
an important mechanism to maintain a relatively constant 
bile acid pool size. In enterocytes, FXR induces I-BABP, 
OSTα and OSTβ and inhibits ASBT (58-60), leading to 
reduced uptake and increased secretion. This mechanism 
does not promote trans-enterocyte bile acid transport but 
instead prevents intracellular bile acid accumulation. Intra-
enterocyte accumulation of bile acids has been shown 
to promote cellular injury and gut junction disruption  
(61-65). In hepatocytes, FXR induces BSEP (66) and inhibits 
NTCP and prevent intrahepatic bile acid accumulation (67). 
During cholestasis, the hepatic basolateral transporters 
OSTα/β and MRP isoforms are induced to efflux bile acids 
into the systemic circulation (37,68,69). FXR regulation of 
bile acid synthesis and transport serve as important rationale 
for using FXR agonist to cholestasis treatment. Recently, 
the potent FXR agonist obeticholic acid (OCA) has been 
approved for treating primary biliary cholangitis in patients 
with insufficient response to UDCA treatment.

Gut microbiota, bile acids and energy metabolism

The fetal intestine is sterile. After birth, bacteria rapidly 
colonize the intestine. In humans, it is estimated that 
the terminal ileum contains about 108 bacteria while the 
colon contains about 1013 to 1014 bacteria (70,71). Bacteria-
mediated bile acid transformation therefore mainly occurs 
in the terminal ileum and colon. On the other hand, bile 
acids are known to have antimicrobial activity and partially 
responsible for the relatively low abundance of bacteria in 
the small intestine (72,73). Therefore, bile acids help shape 
the gut microbiota, while gut microbiota modulates bile 
acid biochemical and biological properties. Here we will 
discuss how the complex interactions between bile acids and 
gut microbiota regulate host metabolism and immunity in 
health and metabolic diseases. 

Obesity is associated with altered gut microbiota (74). 
Intestinal microbes utilize polysaccharides, starch and 
bile acids to generate short chain fatty acids including 
acetate, butyrate and propionate, and amino acids, which 
increases host energy harvest (75-77). In this way, altered 
gut microbiota may have significantly impacts on lipid, 
glucose and energy metabolism in the host. Consistently, 
germ free mice showed resistance to diet-induced obesity 
when compared to the conventionally raised mice (75,78). 
When germ-free mice receive caecal microbiota transplant 
from obese mice, they were more prone to weight gain 
than germ free mice receiving caecal microbiota from lean 
mice (75,78). Gut microbiota can also alter host metabolism 
by regulating gut hormones including peptide YY and 
glucagon-like peptide-1 (GLP1) (79-82). In humans, 
Firmicutes and Bacteroidetes account for about 90% of the 
gut microbiome and their relative abundance is altered in 
obesity (83). Increased Firmicutes to Bacteroidetes ratio is 
associated with increased energy harvest and obesity (84). 
Several mechanisms mediate bile acid effects in shaping 
the gut microbiota. TCA has been shown to increase gut 
Bacteroidetes and Bilophila wadsworthia (85). The secondary 
bile acid DCA has the most potent antimicrobial activity in 
the gut, and increased DCA abundance in the colon causes 
selective inhibition of gut bacteria growth, resulting in 
altered gut microbiota (86). Consistently, biliary obstruction 
and reduced bile flow to the small intestine were associated 
with gut bacterial overgrowth, gut epithelial injury and 
bacterial translocation in humans and animal models  
(87-89). Mice subjected to bile duct ligation showed 
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increased bacterial overgrowth in the ileum and cecum, 
which was reduced by administration of non-steroid 
FXR agonist GW4064 (90). It is interesting to note that 
GW4064 treatment did not reduce gut bacterial overgrowth 
in mice lacking FXR, suggesting that the antimicrobial 
effect of GW4064 was due to FXR signaling activation 
but not its biochemical property. FXR induction of genes 
including Ang1, iNos and IL18 may play a role in mediating 
the antimicrobial activity of FXR (91-93). Recent studies 
showed that probiotics administration significantly reduced 
hepatic steatosis and inflammation in patients with fatty 
liver diseases, suggesting that modulating gut microbiota 
represents a promising treatment for fatty liver disease 
(94,95).

Understanding of how microbiota in turn regulate 
bile acid metabolism has also been an area of focus in 
recent years. As mentioned earlier, bacterial BSH and 
7α-hydroxysteroid dehydrogenase activities mediate 
the secondary bile acid synthesis and modulate bile acid 
composition in the enterohepatic circulation. In ileum 
and colon, BSH activity has been detected in many gram-
positive bacteria genera including Clostridium, Enterococcus, 
Bifidobacterium and Lactobacillus, and gram-negative genus 
Bacteroides (15). These anaerobic bacteria also express 
7α-hydroxysteroid dehydrogenase activities. Mice raised 
in germ-free environment and antibiotic-treated mice 
showed increased hepatic bile acid synthesis and enlarged 
bile acid pool size compared to conventionally raised 
mice (45). Germ-free mice and antibiotic-treated mice 
showed increased abundance of T-βMCA (96). Because 
T-βMCA acts as an FXR antagonist, such change in bile 
acid pool composition was associated with decreased FXR 
activation, reduced intestine FGF15 expression, which 
may account for increased hepatic bile acid synthesis and 
bile acid pool expansion (45,97). Furthermore, reduced gut 
bile acid deconjugation also significantly decreased fecal 
unconjugated bile acid excretion and increased bile acid 
preservation in the gut (98). 

Bile acid therapeutics in NASH 

NAFLD is a spectrum of chronic liver abnormalities 
ranging from simple steatosis to NASH (99). Simple 
steatosis, defined as more than 5% or more hepatic fat 
accumulation, is a benign condition that does not required 
treatment. In contrast, NASH is a more debilitating 
condition with the presence of hepatocyte cell death 
and inflammatory infiltration. It is estimated that ~30% 

of NAFLD patients may progress to develop NASH,  
and ~10–30% of NASH patients may progress to cirrhosis 
with increased risk of hepatocellular carcinoma. NAFLD 
is closely associated with obesity and type-2 diabetes 
(100,101). Currently, there is no clinically approved 
drugs for NASH treatment. Better understanding of the 
drivers of NAFLD progression to NASH holds key to 
developing effective therapeutics for NASH treatment. 
The pathogenesis of NASH is multifactorial and its risk is 
determined by complex interactions between many genetic 
and environmental factors. Insulin resistance is a major risk 
factor for NASH. Excessive hepatic accumulation of free 
fatty acids, free cholesterol and other lipid intermediates 
including diacylglycerols, acyl-carnitines and ceramides are 
thought to cause organelle dysfunction, lipotoxicity and 
hepatocyte apoptosis (102). Altered gut microbiota and 
permeability also contribute to NASH development via 
gut-liver axis. Several bile acid-based therapies have been 
investigated in clinical trials for NASH treatment and will 
be reviewed here (103-115). The physiological effects of 
these therapies and their potential clinical applications are 
summarized in Table 1. 

FXR agonists for NASH treatment

Extensive studies in experimental NAFLD models have 
shown that pharmacological activation of FXR improves 
metabolic homeostasis and decreases inflammatory response 
in the liver. OCA is a 6α-ethyl derivative of CDCA and 
a selective FXR agonist with ~100-fold higher potency 
than CDCA in stimulating FXR activity (116). In animal 
experiments, OCA attenuated hepatic steatosis, improved 
insulin sensitivity and decreased hepatic inflammation 
and fibrosis (106,117). The roles of FXR in regulating 
metabolic homeostasis and proinflammatory response 
have been investigated in pharmacological models and 
genetic KO mice and will only be briefly summarized here. 
FXR activation inhibits de novo lipogenesis. In diabetes 
and NAFLD, hyperinsulinemia induces sterol regulatory 
element-binding protein-1 (SREBP-1)-mediated de novo 
lipogenesis in the liver. In addition, chronic hyperglycemia 
also promotes hepatic lipogenesis by increasing substrate 
flux and carbohydrate-response element-binding protein 
(CREBP) activity. FXR activation has been shown 
to repress both SREBP-1 (118) and ChREBP (119). 
Studies have shown that FXR activation can induce the 
transcription of several target genes that promote fatty acid 
oxidation. FXR induces peroxisomal proliferator-activated 
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receptor α (PPARα) (120) and fibroblast growth factor  
21 (FGF21) (121), which is a fasting-induced hormone that 
promotes lipid oxidation and ketogenesis (122-124). In 
addition, FXR induces liver carboxylesterase 1 (CES1) (125). 
Hepatic CES1 mediates the hydrolysis of triglycerides 
that fuels the mitochondrial fatty acid oxidation. FXR 
activation also antagonizes NF-κB-stimulated inflammation 
in liver (126) and preserves the intestinal barrier function 
in inflammatory bowel disease (127). These findings laid 
the molecular basis for using FXR agonist to treat human 
NASH patients. To date, OCA treatment significantly 
improved liver histology in NASH patients in phase-2 
clinical trials (108,128). On the other hand, findings 

from clinical trials also showed that OCA inhibited 
hepatic bile acid synthesis and their use was associated 
with hypercholesterolemia (128). Its long-term use raises 
concerns of higher risk of cardiovascular disease, which is 
the leading cause of mortality in NASH (129-132). Since 
OCA is a bile acid derivative, OCA caused pruritus in a 
significant portion of the NASH patients, especially in 
patients receiving high dose of OCA (108,128). Finally, 
due to its induction of FGF19, concerns of tumorigenesis 
upon its chronic use has been raised (133). Phase-3 trial is 
currently ongoing to evaluate the efficacy of OCA in NASH 
resolution and fibrosis. The effects of OCA in patients 
with NAFLD/NASH has been recently summarized (134).  

Table 1 Summary of the bile acid-based therapeutics

Therapeutics Physiological effects Potential clinical applications

FXR agonists •	 Bile acid synthesis ↓ •	 Cholestasis

•	 Lipogenesis ↓ •	 NASH

•	 Gluconeogenesis ↓

•	 Inflammation ↓

•	 LDL cholesterol ↑

•	 Pruritus ↑

TGR5 agonist •	 Energy expenditure ↑ •	 Obesity

•	 GLP-1 secretion ↑ •	 Type-II diabetes

•	 Inflammation ↓ •	 NASH

•	 Atherosclerosis

FGF19 mimetic •	 Bile acid synthesis ↓ •	 Cholestasis

•	 Lipogenesis ↓ •	 NASH

•	 Gluconeogenesis ↓ •	 Type-II diabetes

•	 LDL cholesterol ↑

ASBT inhibitor •	 Bile acid synthesis ↑ •	 Cholestasis

•	 Insulin sensitivity ↑ •	 Hypercholesterolemia

•	 LDL cholesterol ↓ •	 NASH

•	 Pruritus ↓ •	 Type-II diabetes

•	 Diarrhea ↑ •	 Pruritus

Bile acid sequestrants •	 Bile acid synthesis ↑ •	 Cholestasis

•	 Insulin sensitivity ↑ •	 Hypercholesterolemia

•	 LDL cholesterol ↓ •	 Type-II diabetes

•	 Pruritus ↓ •	 Pruritus

NASH, non-alcoholic steatohepatitis; FXR, farnesoid X receptor; TGR5, Takeda G receptor 5; ASBT, apical sodium-bile acid transporter; 
LDL, low-density lipoprotein. 
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FXR-induced FGF15/19 has been shown to inhibit 
hepatic steatosis and improved insulin sensitivity and thus 
partially mediates the metabolic benefits of FXR activation  
(56,135-137). Intestine-restricted FXR agonist fexaramine 
activated the gut FXR-FGF15 without causing systemic 
FXR activation and improved metabolic homeostasis 
(137,138). Studies in animal models have shown that 
FGF19 promote liver cancer (139-141), which raised 
concerns for its use in treating chronic diseases. A non-
tumorigenic FGF19 analogue NGM282 has been 
developed that retained the signaling property in regulating 
bile acid synthesis and improving hepatic steatosis without 
exhibiting tumorigenic effect (141-143). New results 
showed that NGM282 significantly decreased hepatic 
steatosis and improved fibrosis in human NASH (143,144). 
NGM282 inhibited hepatic bile acid synthesis and 
caused hypercholesterolemia. Recent study showed that 
hypercholesterolemia could be sufficiently addressed with 
addition of statin (145). 

Intestinal FXR antagonism as a therapeutic approach for 
NASH treatment

Blocking intestine bile acid re-uptake by bile acid 
sequestrants stimulates hepatic bile acid synthesis and 
decreases plasma cholesterol concentration. Colesevelam, 
a second generation of bile acid sequestrant, also improved 
glycemic control in type-2 diabetes mellitus (146-148). It 
has been reported that bile acid sequestrants increased gut 
incretin GLP-1 secretion to improve insulin sensitivity (149). 
GLP-1 is secreted from the ileal and colonic L-cells in 
response to macronutrient stimulation. GLP-1 acts on 
endocrine pancreas to promote insulin secretion from the 
pancreatic β cells and inhibits glucagon production from the  
α cells (150). Activation of TGR5 by bile acid or TGR5 
agonist has been shown to stimulate GLP-1 production 
(151,152). It was suggested that by preventing bile acid re-
uptake in the ileum bile acid sequestrants increased bile acid 
concentration in the distal ileum and colon where TGR5 
was highly expressed in intestine L cells (153,154). Another 
possible mechanism mediating the insulin sensitizing 
effect of bile acid sequestrant is that bile acid sequestrants 
may delay dietary fat absorption, which causes a higher 
concentration of dietary fatty acids to reach the distal ileum 
to induce GLP-1 secretion (155). Various studies have also 
shown that bile acid sequestrants prevented diet-induced 
obesity and hepatic steatosis in experimental models 
(156,157). In addition to promoting GLP1 secretion, bile 

acid sequestrants may also improve hepatic mitochondrial 
function, autophagy flux. However, human studies have 
shown inconsistent findings. Colestimide treatment for  
24-week was reported to promote weight loss and improve 
hepatic steatosis and liver enzymes in NASH patients (158). 
In contrast, another study showed that 24-week treatment 
of colesevelam increased hepatic fat content measured by 
magnetic resonance in biopsy-proven NASH patients (159). 
Bile acid sequestrant treatment is known to cause transient 
elevation of plasma triglycerides with unclear underlying 
causes (160). 

More recently, intestine-specific ASBT inhibitors 
have been developed as potential therapeutics for 
cholestasis, type-2 diabetes and NASH. This therapeutic 
approach brought beneficial effects including increased  
GLP-1 secret ion and reduced plasma glucose in 
experimental animal models and human diabetic patients 
(161-164). In experimental NAFLD models, ASBT inhibitor 
also decreased hepatic steatosis and inflammation (162). These 
findings suggest that ASBT inhibitors may simultaneously 
offer multiple benefits for diabetes and NASH-associated 
disorders and are being tested for treating type-II diabetes 
and NASH in multiple clinical trials. Blocking bile acid re-
absorption in the intestine increases bile acid spillover into 
the colon, which enhances gut incretin secretion and alters 
gut microbiota (45,152,165-167). Currently, how ASBT 
inhibitor decreases hepatic fat accumulation is still largely 
unknown. Its effects in NASH patients remain to be 
determined. Opposing to FXR agonist treatment, ASBT 
inhibitors increase hepatic bile acid synthesis and decrease 
plasma cholesterol. In addition, ASBT inhibitors decrease 
bile acid re-circulating to the liver to reduce hepatic bile 
acid load, which may be desirable in conditions of impaired 
liver function. Although ASBT inhibitor use is obviously 
not associated with pruritus, currently clinical findings 
showed that diarrhea is a common side effect of ASBT 
inhibitor due to bile acid malabsorption, and no available 
therapeutic approach has been reported to address this 
issue.

As mentioned earlier, germ-free mice showed increased 
bile acid synthesis and enlarged bile acid pool, and were 
resistant to diet-induced weight gain (168). Germ-free mice 
showed increased tauro-β-muricholic acid (T-βMCA) (96). 
It is possible that T-βMCA is preserved as a result of lack of 
bacteria-mediated de-conjugation. Increased T-MCAs acted 
as FXR antagonists and reduced FGF15 expression, leading 
to increased hepatic bile acid synthesis and enlarged bile 
acid pool (45). Treating mice with an antioxidant tempol 
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caused a shift of the microbial community from Firmicutes 
towards Bacteroidetes, which is consistent with reduced 
short chain fatty acid production and weight loss (169,170). 
Tempol also decreased the abundance of BSH-harboring 
bacteria, which resulted in T-βMCA accumulation and 
intestinal FXR antagonism. Decreased intestinal FXR 
activation as a result of genetic FXR knockout, modulation 
of gut microbiota or treatment with glycine-β-MCA has 
been shown to reduce ceramide synthesis and circulating 
ceramide and improve metabolic homeostasis in mice 
(166,167). 

In summary, new evidence from various experimental 
models suggest that decreasing intestinal bile acid/FXR 
signaling also results in improved metabolic homeostasis. In 
addition to increased hepatic bile acid synthesis, increased 
gut GLP-1 secretion and reduced gut ceramide production, 
the metabolic impact of decreasing intestine bile acid uptake 
and FXR activation requires further investigation. 

Bile acid signaling in ALD

ALD is a major cause of liver cirrhosis in the US (171). 
For over 40 years, standard treatments for ALD remain 
to be abstinence, corticosteroids and nutritional support. 
There is clearly an unmet need for effective therapies for 
ALD. Better understanding of the pathogenic factors of 
ALD is key to developing therapeutic strategies to treat 
ALD. In the liver, ethanol is metabolized by alcohol 
dehydrogenase and CYP2E1 to acetaldehyde, which is 
further metabolized to acetate by aldehyde dehydrogenase. 
Ethanol metabolism increases cellular NADH/NAD+ ratio 
and promotes hepatic fat accumulation via modulating 
hepatic fatty acid oxidation and lipogenic pathways (172). 
Ethanol metabolism generates oxidative stress and reactive 
intermediates that form DNA and protein adducts to cause 
hepatocellular organelle dysfunction, injury and innate 
and adaptive immune responses (171). In the intestine, 
alcohol consumption induces gut permeability and alters 
gut microbiome to promote endotoxin translocation to the 
liver and systemic circulation (173). Increased endotoxins 
promote hepatic inflammation and synergize with 
ethanol to cause liver injury in ALD. The gut-liver axis is 
increasingly recognized as a major cause of ALD (173). In 
both humans and experimental models, acute and chronic 
alcohol consumption was associated with significantly 
elevated serum endotoxins of gut microbial origin (174,175). 
Ethanol and its toxic metabolite acetaldehyde produced in 
the intestine have been shown to inhibit junction proteins 

and disrupt tight junction integrity (176,177). 
The relationship between bile acid metabolism and 

ALD is incompletely understood. However, recent studies 
revealed decreased hepatic bile acid synthesis and elevated 
serum bile acids in ALD patients, suggesting that ALD is 
associated with disrupted bile acid homeostasis (178,179). 
Furthermore, serum bile acid levels positively correlated 
with ALD severity (178,179). In experimental mouse 
models, bile acid composition was altered and bile acid 
pool size was increased in chronic 8-week Lieber DeCarli 
diet-fed mice (180). In mice fed 10-day ethanol diet 
followed by a single dose of ethanol binge (chronic plus 
binge model), hepatic CYP7A1 expression was repressed 
and bile acid pool size was increased (181). In addition, 
CYP7A1-deficient mice were more sensitive to ethanol-
induced hepatic steatosis and inflammation, while hepatic 
CYP7A1 overexpression in mice were protective against 
ethanol-induced liver injury (181). Expansion of bile 
acid pool appeared to be a unique pathological change in 
ALD because diet-induced NAFLD was not associated 
with a smaller bile acid pool (182). Interestingly, new 
studies showed that whole body FXR KO mice but not 
hepatocyte-specific FXR KO mice were more susceptible 
to alcohol-induced liver injury (183-185), suggesting a 
protective role of extrahepatic FXR in ALD. Recent studies 
showed that both systemic FXR activation and intestine-
restricted activation of the FXR signaling improved hepatic 
steatosis and inflammation in ethanol-fed mice (180,186). 
Overexpression of FGF19 also ameliorated steatosis and 
liver injury in ethanol-fed mice, suggesting that FGF15 
mediates the beneficial effects of intestine-restricted FXR 
activation. These studies provided new evidence that 
targeting FXR may be a potential treatment for ALD. 
Further studies are needed to evaluate the potential benefits 
of FXR agonist in human ALD patients. Despite distinct 
etiology, ALD and NASH share overlapping pathological 
and histological abnormalities. It is therefore reasonable 
to expect that the therapeutic benefits of FXR activation in 
ALD may likely be mediated by improved lipid homeostasis 
and reduced inflammatory response. On the other hand, 
the close association between elevated serum bile acid 
concentration and ALD severity may imply the presence of 
cholestasis in advanced ALD (178,179). The effect of FXR 
activation on bile acid homeostasis in ALD remains to be 
determined. In addition, pruritus and hypercholesterolemia 
may also be potential undesirable effects in the chronic use 
of FXR agonist in ALD. The potential benefits of blocking 
intestine bile acid re-uptake and intestinal FXR agonism in 
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ALD have not been studied.

Conclusion and future perspective

Bile acids are both physiological detergents and metabolic 
regulators. Bile acids plays a key role in mediating the 
gut-liver signaling communication to regulate metabolic 
homeostasis and inflammation. Basic research in last  
20 years has unveiled important functions of bile acids in 
physiology and pathophysiology, which laid the molecular 
basis for developing bile acid-based therapies for treating 
liver and metabolic diseases. In this regard, significant 
progress has been made in translating basic research 
findings in bile acid biology to clinical applications. 
Colesevelam has been approved as second- and third-
line drugs to control blood glucose in type-2 diabetes. 
FXR agonist OCA has recently been approved for treating 
primary biliary cholangitis and is being evaluated in phase-3 
clinical trials for NASH treatment. Bile acids and their 
derivatives have the unwanted side effect of pruritus that 
may cause low patient compliance. Non-bile acid-based 
agonists specific for FXR may be developed for treating 
NASH. Findings from experimental models suggest that 
targeting intestine bile acid transport and FXR antagonism 
represent new therapeutic strategies to treat NASH. The 
molecular mechanisms require further investigation and 
the beneficial effects in human NASH patients remain to 
be determined. Alcoholic cirrhosis is a leading cause of liver 
transplantation in the United States (171). There is still 
unmet need for developing novel and effective treatments 
for ALD. New findings demonstrated disrupted bile acid 
homeostasis in ALD patients and beneficial effects of bile 
acid-based therapies in experimental ALD models. These 
findings suggest that bile acids may serve as a potential 
biomarker for ALD, and targeting bile acid metabolism and 
signaling may be a potential strategy to treat ALD. 
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