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Bile acid metabolism and signaling in liver disease and therapy
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Abstract

Bile acids play a critical role in the regulation of glucose, lipid, and energy metabolism through
activation of the nuclear bile acid receptor farnesoid X receptor (FXR) and membrane G protein-
coupled bile acid receptor-1 (Gpbar-1, aka TGR5). Agonist activation of FXR and TGR5 improves
insulin and glucose sensitivity and stimulates energy metabolism to prevent diabetes, obesity, and
non-alcoholic fatty liver disease (NAFLD). Bile acids have both pro- and anti-inflammatory
actions through FXR and TGR5 in the intestine and liver. In the intestine, bile acids activate FXR
and TGR5 to stimulate stimulate fibroblast growth factor 15 and glucagon-like peptide-1 secretion.
FXR and TGR5 agonists may have therapeutic potential for treating liver-related metabolic
diseases, such as diabetes and NAFLD.
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1. Introduction

Bile acids are the end-products of cholesterol catabolism in the liver. Bile acids are
physiological detergents important for emulsification of dietary fats, drugs, and lipid-soluble
vitamins in the intestine and subsequent absorption and transport to the liver for metabolism
and distribution to other tissues and organs. More recent studies have demonstrated that bile
acids are signaling molecules that activate the nuclear receptor farnesoid X receptor (FXR)
and G protein-coupled bile acid receptor-1 (Gpbar-1, aka TGR5) to regulate glucose, lipid,
and energy metabolism. This review will discuss detailed bile acid synthesis and
metabolism, regulation of bile acid synthesis, the roles of bile acid-activated nuclear
receptors FXR and TGRS in metabolic regulation, and bile acids as therapeutic drugs to treat
liver diseases, diabetes, and obesity.
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2. Bile acid metabolism

2.1. Bile acid synthesis in the liver

In human liver, two primary bile acids, cholic acid (CA) and chenodeoxycholic (CDCA), are
synthesized from cholesterol through two pathways (Fig. 1) [1]. The classic pathway is
initiated by the rate-limiting enzyme cholesterol 7a-hydroxylase (CYP7A1). For CA (3a,
7a.,12a-trihydroxy-cholan-24-oic acid) synthesis, sterol 12a-hydroxylase (CYP8BL1) is
required for 12a-hydroxylation of 7a-hydroxy-4-cholesten-3-one, an intermediate and
marker for the rate of bile acid synthesis. Mitochondrial steroid 27-hydroxylase (CYP27A1)
catalyzes steroid side-chain oxidation, which is followed by oxidative cleavage of a 3-
carbon-side-chain to form C24-bile acids, CA and CDCA. In the alternative pathway,
CYP27ALl initiates bile acid synthesis by hydroxylation and oxidation of cholesterol to 3p-
hydroxy-5-cholestenoic acid, which is then 7a-hydroxylated by oxysterol 7a-hydroxylase
(CYP7B1) to form 3B, 7a-dihydroxy-5-cholestenoic acid. These reactions also occur in the
macrophages and steroidogenic tissues. It has been suggested that conversion of oxysterols
formed in the macrophages to bile acids in the liver is a reverse cholesterol transport
pathway for protection against atherosclerosis [2]. Bile acids synthesized in the liver are
primary bile acids. Different primary bile acids are synthesized by various hydroxylases and
epimerases, depending on species. In mouse liver, CDCA (3a,7a-dihydroxy-cholan-24-oic
acid) is converted to a-muricholic acid (a-MCA, 3a, 6@, 7a), which is then epimerized to
B-MCA (3a, 6B, 7B) and w-MCA (3a, 6a, 78) (Fig. 2A) [3]. These MCAs are highly
soluble. Mouse liver is capable of converting the secondary bile acid lithocholic acid (LCA,
3a) formed in the intestine to CDCA by 7a-hydroxylation. In humans and mice, some
CDCA can be epimerized to ursodeoxycholic acid (UDCA, 3a,7p), a highly soluble bile
acid. CDCA can be converted to hyocholic acid (3a, 6a., 7a) by 6a-hydroxylation. In mice,
LCA can be hydroxylated to hyodeoxycholic acid (3a.,, 6a) and murideoxycholic acid (3a.,
6p). Hyodeoxycholic acid can also be derived from MCA and hyocholic acid [4]. Bile acids
form Na2* salts and are conjugated to glycine or taurine by bile acid:Coenzyme A synthase
and bile acid aminotransferase for secretion into bile via canalicular bile salt export peptide
(Fig. 2B and Fig. 3). Glucuronidation of bile acids by UDP-glucuronosyltransferase also
increases solubility for secretion of bile acids to bile via canalicular bile acid transporter
multidrug resistance protein-related protein 2. Bile acids can also be sulfated by
sulfotransferases to reduce toxicity and promote secretion into urine. Bile acids are stored in
the gallbladder as mixed micelles with cholesterol and phosphatidylcholine. After a meal,
bile acids are secreted into the intestinal tract to emulsify dietary fats, steroids, and lipid-
soluble vitamins. In the intestine (colon), gut microbial bile salt hydrolases deconjugate
conjugated-bile acids, and bacterial 7a-dehydroxylases convert the primary bile acids CA
and CDCA to deoxycholic acid (3a, 7a.) and LCA, respectively (Fig. 1). Most bile acids are
re-conjugated to glycine or taurine, reabsorbed in the ileum, and transported back to the liver
via the portal vein. The enterohepatic circulation (EHC) of bile acids recovers approximately
95% of bile acids (Fig 3). In humans, the classic bile acid synthesis pathway is the
predominant pathway (82%) for synthesis of a highly hydrophilic bile acid pool consisting
of approximately 30% each of CA, CDCA, and deoxycholic acid. In contrast, in mice, the
two pathways contribute equally to generate a highly hydrophilic bile acid pool containing
approximately 50% CA and 50% a.- and B-MCAs. In humans, bile acids are glycine- and
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taurine-conjugated at a ratio of 3 to 1, whereas in mice most bile acids (95%) are taurine-
conjugated. The relative contribution of the classic and alternative bile acid synthesis
pathways to bile acid synthesis determines the bile acid pool size and composition.

2.2. Regulation of bile acid synthesis

Regulation of bile acid synthesis is extremely complicated and not completely understood.
The rate of bile acid synthesis, pool size, and composition varies by species and gender and
is influenced by diet, circadian rhythms, hormones, drugs, the gut microbiota, pathological
states, and genetic background. Bile acids maintain liver metabolic homeostasis and have
anti-inflammatory properties under normal physiological conditions. Accumulation of high
levels of hydrophobic bile acids in cholestasis causes liver inflammation and injury. Thus,
bile acid concentrations have to be tightly regulated to maintain very low levels in the liver
and blood circulation.

The EHC of bile acids from the intestine to the liver inhibits bile acid synthesis mainly by
transcriptional repression of the rate-limiting enzyme CYP7A1 and the branch enzyme for
cholic acid synthesis CYP8BL1 (Fig. 3). The EHC of bile acids is highly efficient, occurs
seven to eight times a day, and recycles approximately 95% of the bile acids in the pool.
Two mechanisms of bile acid feedback regulation of bile acid synthesis have been suggested
based on animal model studies (Fig. 3). In the liver, bile acids activate the nuclear receptor
FXR to induce a negative nuclear receptor called small heterodimer partner (SHP). SHP
inhibits trans-activating activity of hepatocyte nuclear factor 4 and liver-related
homologue-1, which bind to the Cyp7al and Cyp8b1 gene promoters [5]. In FXR deficient
mice, bile acid synthesis is upregulated and bile acids pool size is increased [6]. In SHP
deficient mice, bile acid synthesis is still inhibited, suggesting other pathways may be
involved in bile acid feedback regulation [7]. SHP is a transcriptional repressor that plays a
critical role in regulation of bile acid homeostasis and prevention against cholestatic injury
[8]. Recent studies have identified several long non-coding RNAs involved in the regulation
of bile acid metabolism. SHP regulates H19, which is involved in Bcll-induced cholestatic
injury [9]. Maternally expressed 3 gene induces cholestatic injury by interaction with
polypyrimidine tract binding protein 1 to facilitate SHP mRNA decay [9, 10]. A long
noncoding RNA interacts with heterogeneous nuclear ribonuceoprotein family A2/B1 to
repress Cyp7al gene transcription [11]. SHP may play a role in protection against liver
fibrosis and liver injury by regulating the transcription factor elongation factor 2F1 and the
fibrogenic factor early growth response factor 1 [12]. In the intestine, bile acids activate
FXR to induce fibroblast growth factor (FGF) 15, which is secreted into portal circulation to
activate the hepatic FGF receptor 4 (FGFR4)/B-Klotho complex. This then leads to
activation of extracellular signal-regulated kinase 1/2 and c-Jun N-terminal kinase of the
mitogen-activated protein kinase pathways and subsequent inhibition of Cyp7aland Cyp8b1
gene transcription [13]. Recent studies have revealed that T-aMCA and T-pMCAs are potent
antagonists that inhibit FXR induction of FGF15 in the ileum [14]. In germ-free mice, all
bile acids are conjugated, and T-MCAs accumulate. Therefore, bile acid synthesis and pool
size are increased because of T-MCA antagonism of intestinal FXR signaling. The gut-to-
liver axis plays a critical role in regulating bile acid synthesis and metabolism. Bile acids
control gut bacterial overgrowth [15], and the gut microbiota controls bile acid synthesis and
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composition [16, 17]. Thus, gut-liver signaling cross-talk plays a critical role in regulation of
host metabolism [18].

3. Bile acid receptors in metabolic regulation

Bile acids regulate hepatic metabolism via activation of FXR and TGR5. These two bile
acid-activated receptors are highly expressed in the gastrointestinal tract and play critical
roles in the regulation of liver metabolism and homeostasis. The gut microbiota controls the
release of gut hormones/peptides, such as peptide Y'Y and glucagon-like peptide-1 (GLP-1)
[19]. These hormones regulate insulin secretion from pancreatic p-cells and, in turn, glucose
homeostasis. The gut microbiota also causes low-grade inflammation and initiates obesity
and insulin resistance [20]. Dysbiosis has been associated with inflammatory bowel
diseases, obesity, and type 2 diabetes as well as non-alcoholic fatty liver disease, cirrhosis,
and liver cancer [21-24].

3.1. FXR in metabolic regulation

The role of FXR in the regulation of hepatic lipid and glucose metabolism has been studied
extensively. Activation of FXR by bile acids and a potent FXR agonist GW4064 reduces
serum triglycerides and improves glucose tolerance and insulin resistance in diabetic mice
[25, 26]. In diabetes, serum bile acid levels, especially 12a-hydroxylated bile acids, are
increased. Hyperglycemia may stimulate acetylation of Cyp7al via epigenetic mechanisms
to increase basal levels of bile acids in diabetes [27]. Increasing 12a.-hydroxylated bile acids
increases dietary absorption of fats and cholesterol. Glucagon and cAMP suppress, whereas
insulin stimulates, CYP7A1 expression in human hepatocytes [28]. Activation of FXR
induces SHP to inhibit bile acid and fatty acid synthesis by inhibiting oxysterol-regulated
steroid response element binding protein-1c and gluconeogenesis in hepatocytes [25].

Transgenic overexpression of Cyp7AZ1in mice increases bile acid synthesis and insulin and
glucose tolerance, reduces inflammation, and protects against high fat-diet induced obesity
and steatosis [29]. In these mice, bile acid pool size is doubled with reduced CA but
increased CDCA, which may activate FXR/SHP mechanisms to reduce hepatic steatosis and
increase glucose and insulin sensitivity. Surprisingly, Cyp7al deficient mice are also
protected from high-fat-high-cholesterol diet-induced metabolic disorder [30]. In Cyp7al™~
mice, the bile acid pool was reduced by 40%, and CA was reduced, while MCAs were
increased. This was likely due to activation of the alternative bile acid synthesis pathway to
compensate for inactivation of the classic bile acid synthesis pathway. CA is highly efficient
at absorbing dietary cholesterol and fats. Reduction of CA in the bile acid pool may improve
glucose and lipid metabolism. However, adenovirus-mediated overexpression of Cypral
ameliorated lipopolysaccharide-induced hepatic inflammation through FXR activation,
which inhibited nuclear factor-kB activity [31]. Cyp7al~~ mice displayed more severe
hepatic steatosis, oxidative stress, apoptosis, and fibrosis than wild type mice when fed a
methionine-choline deficient diet [31]. Remarkably, adenovirus-mediated overexpression of
Cyp7alin Cyp7al™" mice reversed methionine-choline deficient diet-induced hepatic
fibrosis and injury. Thus, maintaining bile acid and cholesterol homeostasis is important for
protection against liver injury and hepatic steatosis.
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Germ-free and antibiotic-treated mice have increased bile acid pools because of increased T-
MCAs, which antagonize FXR activity to increase bile acid synthesis in hepatocytes [14].
Recent studies have demonstrated that intestinal F~xrgene deficiency or intestinal FXR
antagonism by the antioxidant tempol increased T-MCAs and protected against diet-induced
obesity and diabetes [32, 33]. Consistent with this, the intestine-selective FXR inhibitor Gly-
MCA, which is not absorbed into the circulation, increases T-MCAs and prevents obesity
and NAFLD in mice [34]. In contrast, another recent study reported that activation of
intestinal Fxr by the selective intestinal FXR agonist fexaramine improved diabetes and
obesity in mice [35]. It is likely that antibiotic treatment or ablation of intestinal FXR alters
the gut microbiota and bile acid metabolism to protect against nonalcoholic steatohepatitis
and diabetes. In contrast, activation of intestinal FXR by fexaramine increases FGF15 to
stimulate energy metabolism and improve insulin sensitivity and glucose tolerance.
Fexaramine markedly increased LCA, which may activate TGR5 to stimulate GLP-1
secretion and improve insulin sensitivity. In general, activation of FXR signaling is
beneficial for reducing liver inflammation and lipogenesis and protecting against cholestatic
liver diseases and NAFLD. A recent study revealed that UDCA treatment (20 mg/kg/day)
for 3 weeks increased bile acid synthesis by reducing FGF19 and liver and serum low
density lipoprotein-cholesterol but increased triglyceride content in 40 morbidly obese
patients [36]. It was suggested that UDCA may antagonize intestinal FXR to stimulate bile
acid synthesis.

metabolic regulation

The role of TGR5 in the regulation of hepatic metabolism has not been studied in depth.
TGRS is widely expressed in many tissues, including the intestine, gallbladder, liver, and
brain [37-39]. In the liver, TGRS is expressed in Kupffer and sinusoidal endothelial cells but
not in hepatocytes [39, 40]. In the gastrointestinal tract, activation of TGR5 by bile acids and
agonists protects intestinal barrier function, reduces inflammation, and stimulates
gallbladder refilling and GLP-1 secretion from enteroendocrine L cells [41]. GLP-1
secretion then increases postprandial insulin secretion from pancreatic p-cells to improve
insulin resistance [42]. GLP-1 is an intestinal incretin produced in L cells and is released in
response to meal intake [43]. GLP-1 secretion is stimulated by nutrients, such as
carbohydrates, fats, and proteins, in the intestinal lumen. The synthetic GLP-1 analog
exendin-4 reduces hepatic steatosis by decreasing lipogenesis and inducing fatty acid
oxidation [44]. It has been reported that activation of TGR5 induces the thyroid hormone
deiodinase 2 to stimulate energy metabolism in brown adipose tissues [45]. Activation of
TGRS stimulates adenylyl cyclase to convert ATP to cAMP, which activates protein kinase A
and subsequently cAMP response element binding protein, resulting in alleviation of obesity
and hepatic steatosis in diet-induced obese mice [42].

4. Bile acids as therapeutic agents

4.1. Cholestatic liver diseases

Cholestasis is a pathological condition in which normal bile flow out of the liver is reduced
or disrupted, leading to intrahepatic accumulation of bile acids. Accumulation of cytotoxic
bile acids causes liver inflammation by activating NF-kB-mediated pro-inflammatory
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cytokine production. High levels of toxic bile acids damage the bile duct epithelium and
elevate biliary pressure to rupture the bile duct and expose hepatocytes to high
concentrations of bile acids and inflammatory infiltration. This then leads to hepatocyte cell
death. Cholestasis can result from genetic defects in canalicular transporters (e.g. bile salt
export peptide), mechanical obstruction of the bile duct by gallstones or tumors, factors
associated with pregnancy (intrahepatic cholestasis of pregnancy), autoimmune destruction
of the bile ducts in and outside of the liver, or drug-induced liver toxicity [46, 47]. Bile acid
composition and pool size play a critical role in control of metabolism and inflammation in
the gastrointestinal tract in various cholestatic conditions. Hydrophobic bile acids are
especially cytotoxic and cause hepatocyte cell death via various direct and indirect
mechanisms. Chronic cholestasis causes liver fibrosis, cirrhosis, liver failure, hepatocellular
carcinoma, and cholangiocarcinoma. Primary biliary cholangitis (PBC) and primary
sclerosing cholangitis (PSC) are two common types of progressive chronic cholestasis
diagnosed in humans [48, 49]. The etiologies of PBC and PSC are not fully clear but involve
genetic, immune, and environmental factors. PBC is characterized by autoimmune
destruction of the small intrahepatic bile duct, leading to inflammation and impaired hepatic
bile acid secretion and accumulation. PSC is an idiopathic liver disease characterized by
chronic liver inflammation and progressive destruction of intrahepatic and extrahepatic bile
ducts. PBC is predominantly diagnosed in females, while PSC is more prevalent in men.

4.2. Bile acids as therapeutic agents for liver diseases

Bile acid derivatives with FXR and TGR5 agonistic activity have recently been developed to
treat metabolic diseases [50-53]. UDCA (Ursodiol ™) has been used as a bile acid
replacement therapy for patients with bile acid synthesis deficiency, gallstone dissolution,
and digestive diseases for many years [54]. UDCA has been approved by the FDA for
treatment of PBC and has been shown to significantly improve liver function and prolong
the time before liver transplantation is required [55]. UDCA can activate intracellular
signaling pathways, such as protein kinase C and mitogen-activated protein kinase, and
alleviate liver injury in cholestasis. It increases hepatobiliary secretion and promotes biliary
HCO3™ secretion, which protects hepatocytes and cholangiocytes from hydrophobic bile
acid insult [56-58]. In addition, UDCA exhibits anti-inflammatory and pro-survival effects
in cholestasis [58, 59]. Approximately 40% of patients with PBC do not respond adequately
to UDCA [60]. UDCA is not effective in treating patients with PSC, and the efficacy of
UDCA in other forms of cholestasis has not been demonstrated. Nor-ursodeoxycholic acid
(norUDCA) is a side chain-shortened C,3 homologue of UDCA [61, 62]. It has been shown
that norUDCA is passively absorbed by cholangiocytes, undergoes cholehepatic shunting,
and increases HCO3™ secretion [58]. NorUDCA improves sclerosing cholangitis in the
Madrz""= model of cholangiopathy [63] and in clinical trials for PSC.

Fibrates activate peroxisome proliferator-activated receptor a. and have been used to treat
patients with hypertriglyceridemia. Fibrates have been used as monotherapy for patients
with PBC and in combination therapy with UDCA for patients with PBC who do not
adequately respond to UDCA [64]. Activation of peroxisome proliferator-activated receptor
a inhibits CYP7AL, CYP8BL1, and CYP27A1 to reduce bile acid synthesis and induces
multidrug resistant protein 3, UDP-glucuronosyl transferase family 2B4, sulfur transferase
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family 2A1, and detoxification of bile acids. In clinical studies, bezafibrate reduced serum
alkaline phosphatase and -y-glutamyltransferase in patients with PBC who did not
adequately respond to UDCA [65]. Fibrate drugs are used as adjunct therapy for cholestasis
[64].

4.3. FXR agonists for treatment of metabolic liver diseases

Obeticholic acid (OCA, 6a-ethyl CDCA) is a selective FXR agonist (ECsg = 0.099 uM)
developed by Intercept Pharmaceuticals, Inc. [66, 67]. Based on an understanding of FXR
regulation of bile acid metabolism and inflammation, the potential benefit of OCA in
treating cholestasis has been extensively investigated in both experimental animal models
and in humans [68]. OCA treatment displayed effective protection in experimental
cholestasis models [66, 69]. Recent clinical trials reported that OCA significantly improved
liver function [70, 71] and reduced serum alkaline phosphatase, y-glutamyl transferase, and
alanine aminotransferase activities in patients with PBC [70]. OCA was recently approved
by the FDA for treatment of patients with PBC. In addition, OCA improved NASH scores in
clinical trials and is a promising therapy for NASH [72, 73]. Pruritus is commonly
associated with cholestasis and treatments utilizing bile acid derivatives, including both FXR
and TGR5 agonists [74].

4.4. TGR5 agonists for treatment of metabolic liver diseases

Activation of TGR5 has been shown to protect against inflammation in the intestine and
liver [50], stimulate GLP-1 secretion from enteroendocrine L cells and insulin synthesis and
secretion from pancreatic p-cells [41, 75], and protect cholangiocytes from bile acid toxicity
in cholestasis. Thus, it is a potential therapy for cholestasis [50]. However, TGR5 agonists
may also promote proliferation, apoptosis, and progression of cholangiocarcinoma [76].

Several potent TGR5 selective agonists are under development for treating metabolic
diseases [77, 78]. INT-777 (6a.-ethyl-23(S)-methyl-CA, ECgy = 0.820 uM) is a selective
TGRS agonist developed by Intercept Pharmaceuticals, Inc. that has been shown to protect
intestinal barrier function and immune responses to experimental colitis [79, 80].
Additionally, INT-777 reduces macrophage inflammation by activating CAMP signaling,
which inhibits NF-kB activity and inflammatory cytokine production. Furthermore, it
inhibits plaque formation and atherosclerosis in £a/r”~ mice [81]. A previous study
demonstrated that TGRS agonists induced NO production and reduced monocyte adhesion
in vascular endothelial cells [82]. A non-bile acid and potent TGR5 agonist has been shown
to stimulate GLP-1 secretion and lower glucose levels [83, 84].

4.5. FXR and TGR5 dual agonist

A dual FXR and TGR5 agonist, INT-767 (6a-ethyl-3a.,7a.,23- trihydroxy-24-nor-53-
cholan-23-sulfate sodium salt, ECsg = 0.03 for FXR and ECs = 0.63 for TGR5), has been
developed by Intercept Pharmaceuticals, Inc. It improves diabetes in mice [85, 86] and
reduces liver injury in an Mar2~~ cholangiopathy mouse model [87]. Furthermore, one
study revealed that INT-767 treatment in db/ab mice improved hepatic steatosis and
decreased inflammation [88]. Clinical trials of INT-767 for the treatment of NASH are
expected to start soon.
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5. Conclusion

Bile acids are important physiological agents for nutrient absorption and integrators of
glucose, lipid, and energy metabolism control. Bile acid synthesis is tightly regulated to
maintain metabolic homeostasis and prevent accumulation of highly toxic bile acids.
Dysregulation of bile acid synthesis causes metabolic diseases, including cholestatic liver
diseases, diabetes, and obesity. Activation of FXR and TGR5 by bile acids or their specific
agonists improves insulin and glucose tolerance. These two bile acid receptors are critical
for improving insulin sensitivity after vertical sleeve gastrectomy [89, 90]. Gastric bypass
surgery in obese patients with diabetes rapidly improves insulin sensitivity and glycemic
control before weight reduction and is associated with increased serum bile acids and GLP-1
levels [91, 92]. Activation of both FXR and TGR5 in the intestine may coordinately
stimulate GLP-1 secretion to improve hepatic glucose and insulin sensitivity in diabetes. It is
expected that FXR and TGRS dual agonists will be developed as therapeutic agents for
treatment of NAFLD and diabetes [85, 87, 88].
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Fig. 1. Bile acid synthesis pathways
Two bile acid synthesis pathways are involved in the conversion of cholesterol to bile acids

in the liver. The classic pathway is initiated by cholesterol 7a-hydroxylase (CYP7AL), and
the alternative pathway is initiated by steroid 27-hydroxylase (CYP27AL). 3p-
hydroxysteroid dehydrogenase (3g-HSD) converts 7a.-hydroxycholesterol to 7a.-hydroxy-4-
cholesten-3-one (C4). Serum C4 level has been used as a marker for the rate of bile acid
synthesis. Sterol 12-hydroxylase (CYP8BL1) is a branch enzyme that synthesizes cholic acid
(CA). Without 12a.-hydroxylation, chenodeoxycholic acid (CDCA) is synthesized.
Mitochondrial CYP27AL1 catalyzes oxidation of the steroid side chain, and the peroxisomal
[B-oxidation reaction cleaves a 3C unit to form C24 cholestenoic acid, the backbone of most
bile acids. CA and CDCA are the two primary bile acids synthesized in human liver. In
mice, CDCA is converted to a- and p-muricholic acids (a-MCA and B-MCA, respectively).
Bile acids are immediately conjugated to the amino acids taurine or glycine (TCA or
TCDCA, respectively) for secretion into bile. In the ileum, TCA and TCDCA are
deconjugated by bacterial bile salt hydrolase (BSH) activity, and the 7a-hydroxyl group is
removed by bacterial 7a.-dehydroxylase activity to form deoxycholic acid (DCA) and
lithocholic acid (LCA), respectively. Bile acids (TCA, TDCA, TCDCA, Ta-MCA, and Tp-
MCA) are re-conjugated and circulated back to the liver. LCA is secreted into feces, and a
small amount is circulated to the liver, conjugated to sulfite, and secreted into urine.
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Fig. 2. Bile acid metabolism
A. Primary bile acids are metabolized to other bile acids in the liver and intestine. In mice,

CDCA is converted to a-MCA, B-MCA, and w-MCA. In humans and mice, CDCA can be
converted to ursodeoxycholic acid (UDCA) or hyocholic acid. UDCA can be 7-
dehydroxylated to LCA, which can be hydroxylated to hyodeoxycholic acid and muricholic
acid. B. Bile acids can be conjugated to the amino acids taurine or glycine at the C,,O0H
group by bile acid Co-A synthase (BACS) and bile acid amino transferase (BAAT).
Sulfotransferase (SULT2A1) transfers a sulfate to the 3g-HO position. UDP-
glucuronosyltransferase (UGT) transfers a glucuronide group to the C3-OH, C;-OH, and
C24-OO0H groups. In the intestine, FXR induces fibroblast growth factor (FGF) 15, which is
secreted into portal circulation to activate the FGF receptor 4/B-klotho complex, which
activates ERK1/2 and JNK of the MAPK pathway to inhibit bile acid synthesis.
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Fig. 3. Mechanisms of bile acid feedback inhibition of bile acid synthesis
Two mechanisms have been proposed for bile acid feedback inhibition of CYP7AL,

CYP8BL, and bile acid synthesis. In the liver, FXR induces small heterodimer partner
(SHP), a negative nuclear receptor, to inhibit CYP7A1 and CYP8B1 gene transcription. Bile
acids are excreted into bile via canalicular bile salt export pump (BSEP). In the ileum, apical
sodium-dependent bile salt transporter (ASBT) reabsorbs bile acids into enterocytes, and the
bile acids are then secreted into portal circulation via sinusoidal organic solute transporter
a/p (OSTap). Bile acids are transported into hepatocytes via Na2*-dependent taurocholate
co-transport peptide (NTCP) located on the sinusoidal membrane. This EHC of bile acids
from the intestine to the liver inhibits bile acid synthesis and maintains bile acid
homeostasis. In the intestine, bile acid-activated FXR induces fibroblast growth factor (FGF)
15 to activate FGF receptor (FGFR4)/p-Klotho signaling, which inhibits CYP7AI1 gene
transcription via JNK and ERK1/2 MAPK pathways. Antagonism of FXR activity by T-
BMCA reduces FGF15, thus increasing CYP7AI expression and bile acid synthesis. The
secondary bile acids produced in the colon, LCA and DCA, activate intestinal TGR5 to
activate cCAMP signaling, which stimulates glucagon-like peptide-1 (GLP-1) secretion from
enteroendocrine L cells.
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