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Abstract

Bile acids are synthesized from cholesterol in the liver. Some cytochrome P450 (CYP) enzymes 

play key roles in bile acid synthesis. Bile acids are physiological detergent molecules, so are 

highly cytotoxic. They undergo enterohepatic circulation and play important roles in generating 

bile flow and facilitating biliary secretion of endogenous metabolites and xenobiotics and 

intestinal absorption of dietary fats and lipid soluble vitamins. Bile acid synthesis, transport and 

pool size are therefore tightly regulated under physiological conditions. In cholestasis, impaired 

bile flow leads to accumulation of bile acids in the liver, causing hepatocyte and biliary injury and 

inflammation. Chronic cholestasis is associated with fibrosis, cirrhosis and eventually liver failure. 

Chronic cholestasis also increases the risk of developing hepatocellular or cholangiocellular 

carcinomas. Extensive research in the last two decades has shown that bile acids act as signaling 

molecules that regulate various cellular processes. The bile acid-activated nuclear receptors are 

ligand-activated transcriptional factors that play critical roles in the regulation of bile acid, drug 

and xenobiotic metabolism. In cholestasis, these bile acid-activated receptors regulate a network 

of genes involved in bile acid synthesis, conjugation, transport and metabolism to alleviate bile 

acid-induced inflammation and injury. Additionally, bile acids are known to regulate cell growth 

and proliferation, and altered bile acid levels in diseased conditions have been implicated in liver 

injury/regeneration and tumorigenesis. We will cover the mechanisms that regulate bile acid 

homeostasis and detoxification during cholestasis, and the roles of bile acids in the initiation and 

regulation of hepatic inflammation, regeneration and carcinogenesis.
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Introduction

Bile acids are physiological detergent molecules synthesized from cholesterol exclusively in 

the liver (Li and Chiang, 2014; Russell and Setchell, 1992). Under physiological conditions, 
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most bile acids exist as glycine or taurine conjugates and are therefore referred to as “bile 

salts”. Bile acid synthesis has several important functions in the liver. Conversion of 

cholesterol into bile acids in the liver accounts for a major fraction of daily cholesterol 

turnover in humans (Chiang, 2009). Biliary bile acid secretion generates bile flow, and 

facilitates hepatobiliary secretion of various endogenous metabolites and xenobiotics 

(Trauner and Boyer, 2003). In the gallbladder, bile acids form mixed micelles with 

phospholipids and cholesterol to increase cholesterol solubility and decrease bile acid 

toxicity. Once released into the small intestine, bile acids facilitate the intestinal digestion 

and absorption of dietary cholesterol, fat and other lipophilic nutrients. In addition, bile 

acids are signaling molecules that activate intracellular ligand-activated nuclear receptors 

and cell surface G protein coupled receptors to regulate various cellular processes from lipid 

and glucose metabolism, drug metabolism to immunity (Li and Chiang, 2014). Impaired bile 

flow, which can be caused by both genetic and environmental factors, can lead to 

cholestasis, in which accumulation of bile acids in the liver causes hepatic inflammation and 

injury (Zollner and Trauner, 2008). Patients with cholestasis over time develop fibrosis, 

cirrhosis and eventually liver failure and increased risk of hepatocellular or 

cholangiocellular carcinomas. In cholestasis, a number of detoxification mechanisms, 

mainly mediated by bile acid-activated nuclear receptors, are activated to alleviate bile acid-

induced inflammation and injury. In addition, bile acids are known to regulate cell growth 

and proliferation, and dysregulation of bile acid homeostasis and signaling can have an 

impact on liver regeneration and tumorigenesis (Fan et al., 2015; Vacca et al., 2013). In this 

chapter, we will cover the roles of major CYP enzymes involved in hepatic bile acid 

synthesis, the mechanisms that regulate bile acid homeostasis, and the roles of bile acid 

metabolism and signaling in the regulation of hepatic inflammation, regeneration and 

carcinogenesis.

10.1. Bile acid synthesis and transport

10.1.1. Primary bile acid synthesis

Primary bile acids are synthesized from cholesterol in the liver (Li and Chiang, 2014). Some 

primary bile acids are converted to secondary bile acids by bacterial enzymes in small and 

large intestine. In humans, the bile acid pool consists of the primary bile acids cholic acid 

(CA) and chenodeoxycholic acid (CDCA) and the secondary bile acid deoxycholic acid 

(DCA). In the liver, two pathways, namely the classic pathway and the alternative pathway, 

are responsible for the synthesis of primary bile acids (Figure 1). The conversion of 

cholesterol to bile acids involves hydroxylation, saturation of the double bond at C5-C6, 

epimerization of the 3-hydroxyl group, and oxidative cleavage of a 3-carbon unit, and these 

reactions are catalyzed by a number of CYP enzymes localized in the endoplasmic 

reticulum, mitochondria, cytosol and peroxisomes (Russell, 2003). All bile acids possess a 

5β-hydrogen group and a cis-configuration along the plane of the fused A and B ring. 

Majority of the bile acids exist as glycine or taurine conjugates, and are thus referred to as 

“sodium salts”. Conjugated bile acids are negatively charged molecules with increased 

solubility under most physiological pH ranges. Bile acids usually have a few hydroxyl 

groups and the carboxyl group on one side of the carbon skeleton, which is the structural 
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basis for bile acids to act as amphipathic detergent molecules in facilitating lipid absorption 

and cholesterol dissolution.

The classic pathway—The classic bile acid synthetic pathway is the major bile acid 

biosynthetic pathway in humans (Figure 1). It accounts for about 90% of total bile acid 

production in the liver. This pathway produces CA and CDCA in approximately equal 

amounts. The cholesterol 7α-hydroxylase (CYP7A1), a microsomal CYP enzyme, catalyzes 

the first and rate-limiting step to convert cholesterol to 7α-hydroxycholesterol (Chiang, 

2009; Myant and Mitropoulos, 1977). The intermediate product 7α-hydroxy-4-cholestene-3-

one (C4) is the common precursor for CA and CDCA. Another microsomal CYP enzyme 

sterol 12α-hydroxylase (CYP8B1) catalyzes the addition of a hydroxyl group at the C-12 

position on C4, and the resulting intermediate is eventually converted to CA. The C4 that 

escapes from this 12-hydroxylation reaction catalyzed by CYP8B1 is converted to CDCA. 

The synthesis of all bile acids involves the steroid side-chain cleavage, which is catalyzed by 

the mitochondrial sterol 27-hydroxylase (CYP27A1). The hepatic bile acid synthesis rate is 

mainly controlled via the transcriptional regulation of the CYP7A1 gene (Chiang, 2009). 

Hepatic CYP8B1 activity may regulate the CA: CDCA ratio in the bile acid pool. However, 

other mechanisms such as intestine bile acid transformation and transport may also have a 

significant impact on the bile acid pool composition. Studies have shown that the plasma 

level of C4, the common precursor for CA and CDCA, correlates well with hepatic bile acid 

synthesis and thus has been used as a surrogate serum marker for the rate of hepatic bile acid 

synthesis in humans (Axelson et al., 1988).

The alternative pathway—This pathway is also called the acidic pathway due to the 

production of acidic intermediates (Figure 1). In this pathway, the mitochondrial CYP27A1 

catalyzes the first hydroxylation reaction to convert cholesterol to 27-hydroxycholesterol. 

The hydroxylation at the C-7 position is catalyzed by oxysterol 7α-hydroxylase (CYP7B1). 

In contrast to the classic pathway, the alternative pathway only produces CDCA, but not 

CA. In addition to cholesterol, oxysterol intermediates formed in the peripheral tissues can 

enter the liver and feed into this pathway for bile acid production. In humans, the alternative 

pathway is considered a minor bile acid synthetic pathway because it produces less than 

10% of the total bile acids under normal physiological conditions. However, the alternative 

pathway seemed to be more active in rodents and can be responsible for the synthesis of 

about 50% of bile acids in rodents (Li and Chiang, 2014; Russell and Setchell, 1992).

10.1.2. Bile acid biotransformation in the intestine

In the intestine, some bile acids undergo multi-step biotransformation that is usually 

catalyzed by bacterial enzymes in the intestinal tract (Ridlon et al., 2006). In the small and 

large intestine, a number of bacterial species have bile salt hydrolases. These are bile salt de-

conjugating enzymes that convert some taurine- and glycine-conjugated bile acids to free 

bile acids. Free bile acids can passively diffuse through the plasma membrane, but this 

process accounts for a very small fraction of bile acid re-absorption in the small and large 

intestine. Probably more importantly, bile acid deconjugation by bile salt hydrolases is a 

required step for subsequent conversion of primary bile acids into secondary bile acids in the 

intestine. For example, in the large intestine, bacterial 7α-dehydroxylase catalyzes C-7 
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dehydroxylation reaction on primary bile acids, which converts CA and CDCA to 

deoxycholic acid (DCA) and lithocholic acid (LCA), respectively (Bjorkhem et al., 1989; 

Hylemon et al., 1991; Ridlon et al., 2006). These secondary bile acids are highly 

hydrophobic and toxic, and increased concentrations in the liver has been linked to 

inflammation, cholestasis, gallstone formation and carcinogenesis (Low-Beer and Nutter, 

1978; Marcus and Heaton, 1988; Ridlon and Hylemon, 2006). Both elevated levels of DCA 

and LCA have been implicated in the promotion of colon cancer (Hussaini et al., 1995). 

Elevated LCA in cholestasis contributes to liver injury and inflammation (Staudinger et al., 

2001). Unconjugated DCA is reabsorbed in the large intestine via passive absorption and 

transported back to the liver, where it can be converted to conjugated form (Trauner and 

Boyer, 2003). In normal conditions, most LCA is sulfated in the intestine and excreted into 

feces. The trace amount of LCA that is transported to the liver can be efficiently sulfated and 

secreted into the circulation for renal excretion. In the intestine, CYP3A and CYP2 family 

enzymes can also metabolize LCA to more soluble and thus less toxic hyocholic acid (HCA) 

and ursodeoxycholic acid (UDCA) in humans (Figure 2) (Araya and Wikvall, 1999; Teixeira 

and Gil, 1991).

It should be noted that although rodents, especially mice and rats, have been widely used as 

a model for bile acid research, the bile acid pool composition and hydrophobicity in rats and 

mice are significantly different from that of humans. In mice and rats, the majority of CDCA 

is converted to more hydrophilic α-muricholic acid (α-MCA) and β-MCA in the liver, which 

deoes not occur in human livers. In humans, the highly hydrophobic bile acid pool consists 

of about 40% of CA, 40% of CDCA and 20% DCA. Mouse bile acid pool consists of about 

equal amount of CA and MCAs with relatively low levels of DCA and CDCA, and thus is 

more hydrophilic. In addition, rats do not have gallbladders, and they secrete bile directly 

into the small intestine.

10.1.3. Genetic defects of cytochrome P450s in bile acid synthesis

Genetic mutations in CYP7A1 gene are very rare and only one case has been reported so far. 

Individuals of homozygous CYP7A1 mutation showed decreased bile acid levels, and 

developed hypercholesterolemia and premature gallstone disease, which is consistent with 

the key role of bile acid synthesis in overall cholesterol metabolism (Pullinger et al., 2002). 

Consistently, studies have linked CYP7A1 polymorphisms to risk of gallstone, plasma LDL 

cholesterol levels and cardiovascular risk (Hofman et al., 2005; Jiang et al., 2004; Kajinami 

et al., 2004). Mice lacking cyp7a1 showed decreased postnatal survival rate and fat and 

vitamin malabsorption which could be partially corrected with vitamin and bile acid 

supplements (Ishibashi et al., 1996). Later studies also showed that cyp7a1 knockout mice 

were hypercholesterolemia (Erickson et al., 2003). In contrast, CYP7A1 transgenic mice had 

increased hepatic cholesterol catabolism, and were resistant to diet-induced 

hypercholesterolemia and atherosclerosis (Miyake et al., 2001; Miyake et al., 2002) and 

metabolic disorders (Li et al., 2011; Li et al., 2010). CYP7A1 transgenic mice had ~2–3 fold 

increase in total bile acid pool size. Susceptibility to cholestatic liver injury has not been 

studied in these mice.
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Humans with CYP8B1 mutations have not been reported so far. Cyp8b1 knockout mice lack 

CA production (Li-Hawkins et al., 2002). As mentioned early and also discussed in the later 

section, due to the efficient conversion of CDCA to MCAs, mice depend more on CA to 

inhibit cyp7a1 and to facilitate intestine cholesterol absorption because MCAs neither inhibit 

cyp7a1 nor facilitate cholesterol absorption. For these reasons, cyp8b1 knockout mice had 

increased hepatic CYP7A1 levels and larger bile acid pool, and decreased intestinal 

fractional cholesterol absorption (Slatis et al., 2010). Cyp8b1 knockout mice were also 

resistant to atherosclerosis development primarily due to decreased cholesterol absorption 

and increased hepatic CYP7A1 levels. In humans, CDCA is not converted to MCAs. 

Therefore, decreased CYP8B1 activity or defect in CA synthesis in humans may have 

different impact on hepatic bile acid synthesis and intestine cholesterol absorption compared 

to mice.

Because CYP27A1 mediates the sterol side chain cleavage in both classic and alternative 

bile acid synthesis pathways, CYP27A1 mutations in humans leads to decreased bile acid 

synthesis and increased levels of 7α-hydroxylated cholesterol metabolites, including C4 in 

the liver. Human mutations in CYP27A1 cause a rare lipid storage disorder called 

cerebrotendinous xanthomatosis (CTX) (Leitersdorf et al., 1994). CTX is characterized by 

the accumulation of cholesterol and cholestanol, a derivative of C4, in xanthomas and 

brains, leading to xanthomatosis, premature atherosclerosis and progressive neurological 

disorders. CTX patients are effectively treated with CDCA, which inhibits CYP7A1 and thus 

decrease the production of 7α-hydroxylated cholesterol metabolites and therefore 

cholestanol. CYP27A1 mutations in humans usually do not lead to hypercholesterolemia. 

Cyp27a1 knockout mice had decreased bile acid synthesis and up-regulation of hepatic 

CYP7A1 gene, but were absent of CTX-related phenotypes (Rosen et al., 1998).

10.1.4. Bile acid transport

Enterohepatic circulation of bile acids—Once synthesized, bile acids in the 

hepatocytes are efficiently secreted into the bile and stored in the gallbladder. Food intake 

stimulates the epithelial cells in the duodenum to secrete a peptide hormone called 

cholecystokinin (CCK), which stimulates gallbladder contraction to release bile acids into 

the intestinal tract (Otsuki, 2000). CCK also stimulates the pancreas to secrete digestive 

enzymes into the small intestine to facilitate digestion. Along the small intestine tract, 

concentrated bile acids form mixed micelles with dietary lipids, which is necessary for lipid 

digestion by pancreatic lipases. Bile acids are then reabsorbed in the ileum, and transported 

back to the liver via portal blood for re-secretion into the bile. The enterohepatic circulation 

of bile acids is a highly efficient process and only ~ 5% of the total bile acids is lost via 

excretion into the feces, which is replenished by the hepatic de novo synthesis of bile acid. 

The enterohepatic circulation of bile acids is illustrated in Figure 2, and the bile acid 

transporters involved in this process are discussed below.

Hepatic bile acid transport—Hepatocytes are polarized cells with basolateral 

(sinusoidal) and apical (canalicular) membrane domains. Bile acids in the portal circulation 

are taken up by hepatocytes across the basolateral membrane and then secreted into the bile 

canaliculi and subsequently drained into the bile. Hepatic bile acid uptake is highly efficient 

Li and Apte Page 5

Adv Pharmacol. Author manuscript; available in PMC 2016 May 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with about 90% first pass extraction rate for conjugated bile acids. Conjugated bile acids 

cannot diffuse through the membrane and thus require active transport systems for cellular 

uptake (Meier, 1995). The Na+-dependent taurocholate transporter (NTCP) is the major bile 

acid uptake transporter in the basolateral membrane of the hepatocytes (Figure 2). Early 

studies conducted in cultured hepatocytes or perfused livers support the role of NTCP as the 

basolateral Na+-dependent bile acid uptake transporter (Hagenbuch and Meier, 1994; 

Hagenbuch et al., 1991; Meier and Stieger, 2002). Recently, a human patient with loss-of-

function mutation of the NTCP gene was reported to show significantly elevated circulating 

bile acids without clinical symptoms of cholestasis, consistent with impaired basolateral bile 

acid uptake into the hepatocytes (Vaz et al., 2014). This is further supported by a recent 

study of ntcp knockout mice (Slijepcevic et al., 2015). The microsomal epoxide hydrolase 

(mEH), a bi-functional enzyme that is involved in xenobiotic metabolism, is another 

candidate basolateral Na+-dependent bile acid transporter (Ananthanarayanan et al., 1988; 

Fretland and Omiecinski, 2000; Von Dippe et al., 1993; von Dippe et al., 1996). A human 

individual with significantly decreased mEH function due to a point mutation had 

hypercholanemia, a condition associated with highly elevated plasma bile acid levels in the 

absence of hepatocyte injury (Zhu et al., 2003). However, mEH knockout mice showed no 

apparent alteration in bile acid homeostasis (Miyata et al., 1999). Several organic anion 

transporter (OATP) isoforms, including human OATP1A2, OATP1B1 and OATP1B3, can 

mediate Na+-independent bile acid uptake at the basolateral membrane of the hepatocytes. 

This pathway is mainly responsible for the uptake of unconjugated bile acids, and accounts 

for about ~25% of bile acids uptake by the hepatocytes (Trauner and Boyer, 2003).

Bile acids, phospholipids and cholesterol are three major organic solutes in the bile. They 

form mixed micelles to increase cholesterol solubility and decrease bile acid toxicity in the 

bile. Canalicular bile acid secretion into the bile against the concentration gradient is the 

rate-limiting step in bile formation (Boyer, 2013). The bile salt export pump (BSEP, 

ABCB11), an ATP-binding cassette (ABC) transporter also known as the sister of P-

glycoprotein (SPGP), is the major bile acid efflux transporter at the canalicular membrane 

(Childs et al., 1995). The multidrug resistance-associated protein-2 (MRP2, ABCC2) can 

also mediate the canalicular secretion of certain sulfated and conjugated bile acids into the 

bile. MRP2 also shows broad substrate specificity for bilirubin conjugates, glutathione and 

drugs. Hepatobiliary free cholesterol secretion into the bile is a major route for cholesterol 

elimination from the body. The ATP-binding cassette transporters ABCG5 and ABCG8 

form a heterodimer, which mediates cholesterol secretion into the bile (Berge et al., 2000). 

Phosphatidylcholine is the major phospholipid in the bile and its secretion is mediated by the 

phospholipid flippase multi-drug resistant 3 (MDR3, ABCB4) (Smit et al., 1993).

Bile acids in the hepatocytes can also be secreted across the basolateral membrane back into 

the systemic circulation for subsequent renal excretion. This process is mediated by several 

transporters including the organic solute transporters OSTα and OSTβ heterodimer, MRP3 

and MRP4 (Ballatori et al., 2005; Kullak-Ublick et al., 2000; Trauner and Boyer, 2003). 

This basolateral bile acid efflux route in the hepatocytes is much less significant than biliary 

bile acid secretion under normal physiology. However, in cholestasis when biliary bile acid 

secretion is impaired, basolateral bile acid efflux is often induced as a protective mechanism 
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(Ballatori et al., 2005; Boyer et al., 2006; Cui et al., 2009). In the bile duct, some of the bile 

acids can be taken up by the cholangiocytes. Unconjugated bile acids can passively enter the 

cholangiocytes, and conjugated bile acids are taken up by the apical sodium-dependent bile 

salt transporter (ASBT, SLC10A1) (Xia et al., 2006). Bile acids in cholangiocytes are 

secreted into the peribiliary plexus via the OSTα/β heterodimer at the basolateral membrane. 

Cholangiocyte bile acid transport may play a role in bile formation. In addition, this process 

can also transport bile acids into the systemic circulation for renal elimination in cholestasis 

(Kullak-Ublick et al., 2000; Xia et al., 2006).

Intestinal bile acid transport—Intestine bile acid reabsorption mainly occurs at the 

terminal ileum where bile acid transporters are highly expressed. This is a highly efficient 

process and only about ~5% of the bile acids is loss via fecal excretion. At the apical side, 

the ASBT mediates ileal bile acid uptake into the enterocytes (Shneider et al., 1995). In the 

enterocytes, bile acids are transported to the basolateral membrane by the intestinal bile acid 

binding protein (I-BABP) (Gong et al., 1994). The OSTα and OSTβ form a functional 

heterodimer at the basolateral membrane and mediate bile acid efflux into the portal 

circulation (Ballatori et al., 2005; Rao et al., 2008). As most of the conjugated bile acids are 

efficiently reabsorbed in the small intestine via active transport systems, some unconjugated 

primary bile acids and secondary bile acids, mainly DCA and to a much less extent LCA can 

also be reabsorbed in the colon via passive diffusion and returned to the liver via portal 

circulation.

10.2. Regulation of bile acids toxicity and inflammation in cholestasis

10.2.1. Cholestatic liver diseases

Cholestasis is resulted from disrupted bile flow from the liver to the intestine tract, leading 

to accumulation of toxic bile acids and other metabolites in the liver, decreased bile acids in 

the intestine and increased bile acids in the systemic circulation. The accumulation of toxic 

bile acids in the hepatobiliary system damages bile duct epithelial cells and hepatocytes, 

causing liver injury and inflammation. Chronic cholestasis leads to fibrosis, cirrhosis and 

eventually liver failure or hepatocellular or cholangiocellular carcinomas. Mechanical 

obstruction of extrahepatic bile ducts or major intrahepatic bile ducts, such as by tumors or 

gallstones, genetic mutations of bile acid transporter genes, and acquired dysregulation of 

bile transport system by drugs, pregnancy and other pathophysiological conditions can cause 

either intra- or extra-hepatic cholestasis (Srivastava, 2014; Zollner and Trauner, 2008). 

Congenital or acquired defects in canalicular membrane transporters are the major cause of 

intrahepatic cholestasis (Zollner and Trauner, 2008). Congenital cholestasis usually occurs 

very early in life. These patients show progressive liver damage, jaundice, pruritus, slow 

growth due to malabsorption of fat-soluble vitamins. Progressive familial intrahepatic 

cholestasis and benign recurrent intrahepatic cholestasis are autosomal recessive diseases 

that are linked to genetic mutations in ATP8B1 (Type 1, PFIC1), BSEP (Type 2, PFIC2), and 

MDR3 (Type 3, PFIC3)(Srivastava, 2014). PFIC1, which is also known as Byler disease, is 

linked to mutations in the ATP8B1 gene. This gene encodes a P-type ATPase that functions 

as an aminophospholipid flippase. Mutations in the BSEP gene are associated with 

progressive familial intrahepatic cholestasis subtype 2 (PFIC-2). Defective BSEP function 
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causes hepatic bile acid accumulation and cholestasis. These patients showed markedly 

elevated plasma bile acid levels and extremely low biliary bile acid concentration 

(Strautnieks et al., 1997). In addition, BSEP polymorphisms have been linked to intrahepatic 

cholestasis of pregnancy (ICP) (Noe et al., 2005; Pauli-Magnus et al., 2004) and drug-

induced liver injury (Lang et al., 2007). ICP is a reversible form of intrahepatic cholestasis 

associated with adverse pregnancy outcomes. PFIC3 patients, with defective phospholipid 

transporter MDR3, have high levels of γ-glutamyl transpeptidase activity, progressive 

cholestasis, bile duct damage, and may require liver transplant. As mentioned early, 

phospholipids in bile are required for mixed micelle formation. If not incorporated into 

mixed micelles, bile acids will damage the canalicular membrane and cholangiocytes, 

causing liver injury and cholestasis. Genetic polymorphisms and heterozygote mutations of 

the PFIC1, PFIC2 and PFIC3 genes may increase susceptibility to acquired cholestasis in 

adults including ICP, drug-induced liver injury, primary biliary cirrhosis (PBC), and primary 

sclerosing cholangitis (PSC). MRP2 excretes conjugated bile acids, bilirubin and other 

organic anions into the bile. Mutations in the MRP2 gene have been linked to Dubin-

Johnson syndrome, which is characterized by chronic hyperbilirubinemia (Keitel et al., 

2003). These patients have elevated bile acids and cholestasis.

10.2.2. Bile acid-activated nuclear receptor regulation of bile acid metabolism and 
detoxification in cholestasis

Nuclear receptor—Nuclear receptors (NR) are ligand-activated transcription factors. 

They play important roles in embryogenesis, development and metabolism (Mangelsdorf 

and Evans, 1995; Mangelsdorf et al., 1995). A typical nuclear receptor consists of an N-

terminal DNA binding domain (DBD) and a C-terminal ligand-binding domain (LBD) 

(Figure 3). The DBD is a highly conserved region containing two Zinc finger motifs that 

mediate the NR binding to a consensus DNA sequence called hormone response element 

(HRE). Some NRs bind to the HRE as a homodimer, while some NRs form a heterodimer 

with another nuclear receptor retinoid X receptor (RXR) to bind to DNA. A few NRs, such 

as the hepatocyte nuclear factor 4α (HNF4α) and the liver receptor homolog-1 (LRH-1), 

bind DNA as monomers. In the LBD, a number of α-helices form a hydrophobic ligand-

binding cavity where lipophilic small molecules bind as ligands. The LBD also contains 

motifs for dimerization and recruitment of co-regulators (co-activators or co-repressors). In 

general, ligand binding causes a conformational change in the LBD of a NR, which allows 

the NRs to recruits the co-activators and displace the corepressors (Figure 3). This facilitates 

the assembly of general transcriptional machinery leading to transcriptional activation of the 

target genes. There are 48 nuclear receptor genes in the human genome and 49 in the mouse 

genome (Mangelsdorf et al., 1995). Among these NRs, the Farnesoid X receptor (FXR), 

Pregnane X receptor (PXR) and Vitamin D receptor (VDR) can be activated by bile acids 

(Chiang, 2003). Constitutive androstane receptor (CAR) is activated by drugs and 

xenobiotics, but not bile acids. However, CAR is activated in cholestasis likely by the 

accumulation of toxic metabolites. These NRs regulate a number of bile acid synthetic and 

metabolizing CYPs as well as bile acid conjugation enzymes and transporters. During 

cholestasis, activation of these NRs by bile acids and their metabolites play a protective role 

against injury by decreasing hepatic bile acid synthesis and uptake, promoting hepatic bile 

acid efflux, and inducing phase-I bile acid metabolizing and phase-II bile acid conjugation 
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enzymes. The bile acid activated NRs and their target genes are summarized in Table 1. The 

role of major bile acid-activated receptors in the regulation of bile acid metabolism and 

detoxification are discussed below.

FXR regulation of bile acid feedback inhibition of bile acid synthesis—FXR is 

highly expressed in the hepatocytes and in the intestine, tissues that are exposed to high 

levels of bile acids. FXR can be activated by both free and conjugated-bile acids 

(Makishima et al., 1999; Parks et al., 1999). The hydrophobic bile acid CDCA is the most 

efficacious ligand of FXR (EC50 = ~10 μmol/L), followed by LCA, DCA, and CA The 

hydrophilic bile acid MCAs and UDCA do not activate FXR. In fact, a recent study showed 

that elevated concentration of MCA in the bile acid pool may act as FXR antagonists to 

inhibit FXR activity (Sayin et al., 2013).

Hepatic bile acid synthesis is tightly regulated by bile acids through negative feedback 

mechanisms, which maintains a constant bile acid pool size in normal physiology. In 

cholestasis, accumulation of bile acids in the liver represses hepatic bile acid synthesis, 

which is deemed as a protective mechanism to alleviate bile acid damage to the liver. The 

activity of hepatic bile acid synthetic cytochrome P450 enzymes, including CYP7A1, 

CYP8B1 and CYP27A1, are mainly controlled at the rate of gene transcription. Bile acid 

activated FXR has been shown to cause transcriptional repression of CYP7A1, CYP8B1 and 

CYP27A1, and thus plays a central role in mediating the negative feedback regulation of bile 

acid synthesis (Li and Chiang, 2014). The mechanisms of FXR regulation of the CYP7A1 

gene have been extensively investigated in the past decades. FXR does not directly bind to 

the CYP7A1 gene promoter. Instead, two indirect mechanisms mediate the FXR repression 

of CYP7A1 gene (Figure 4). First, activation of FXR induces the transcription of a nuclear 

receptor small heterodimer partner (SHP). SHP is an atypical nuclear receptor without a 

DBD and thus does not bind to DNA. Instead, it often acts as a transcriptional repressor and 

inhibits the trans-activating activity of a number of nuclear receptors and transcriptional 

factors, leading to the inhibition of their target genes. On the CYP7A1 gene promoter, two 

nuclear receptors LRH-1 and HNF4α bind to their consensus DNA binding sites and 

activate the basal CYP7A1 gene transcription (Goodwin et al., 2000; Lu et al., 2000). Bile 

acid and FXR-induced SHP interacts with and inhibits LRH1 and HNF4α, leading to 

transcriptional repression of the CYP7A1 gene. In normal physiology, hepatic bile acids are 

efficiently excreted by canalicular transporters into the bile to maintain a relatively low level 

of intrahepatic bile acids. Food intake subsequently triggers gallbladder bile acid release into 

the small intestine. Indeed, studies in mice revealed that intestine is a major bile acid storage 

site that can retain about 60–80% of the bile acid pool in the body (Li et al., 2012; Li et al., 

2010). Therefore, intestine bile acid sensing is very important in the bile acid pool 

maintenance. In 2005, Inagaki et al. reported that activation of FXR transcriptionally 

induces fibroblast growth factor 15 (FGF15) in mice. FGF15 then acts as an endocrine 

hormone, binds to the cell surface FGF receptor 4 (FGFR4) on the hepatocytes and inhibits 

hepatic CYP7A1 gene transcription (Inagaki et al., 2005). Studies have so far identified that 

β-Klotho, the SH2 domain containing protein tyrosine phosphatase (SHP-2) and FGF 

receptor substrate 2 (FRS2) are key components of the FGFR4 signaling complex at the 

plasma membrane, and that deletion of each of these signaling complex proteins led to 
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increased hepatic bile acid synthesis and elevated bile acid pool size (Goetz et al., 2007; Ito 

et al., 2005; Li et al., 2014; Lin et al., 2007; Wang et al., 2014). Importantly, deletion of 

shp-2 resulted in a severe cholestasis phenotype in mice (Li et al., 2014). Human FGF19 

shares ~51% amino acid sequence homology with mouse FGF15, and thus is the mouse 

FGF15 orthologue. Current evidence suggests that FGF19 also represses human CYP7A1 in 

an FGFR4-dependent signaling mechanism (Song et al., 2009). However, different from 

FGF15 that is not expressed in mouse hepatocytes, FGF19 mRNA is detectable in human 

livers and primary human hepatocytes, and its expression can be induced by FXR (Song et 

al., 2009). One study showed that circulating FGF19 levels increased while CYP7A1 

expression decreased in human patients with obstructive cholestasis, indicating that human 

hepatocytes produce FGF19 (Schaap et al., 2009). The CYP8B1 and CYP27A1 genes have 

been shown to be repressed by bile acid/FXR/SHP cascade, but not by the bile acid/FXR/

FGF15 signaling axis (Chen and Chiang, 2003; Zhang and Chiang, 2001). Therefore, FXR 

activation represses key genes in the biosynthetic pathway to decrease bile acid output.

FXR regulation of bile acid transport—In addition to inhibiting hepatic bile acid 

synthesis, FXR activation by bile acids also inhibits hepatic bile acid uptake and promotes 

biliary bile acid secretion by regulating the expression of hepatic bile acid transporters, and 

thus prevents bile acid accumulation in the hepatocytes. FXR induces the apical bile acid 

efflux transporters BSEP (Ananthanarayanan et al., 2001), MRP2 (Kast et al., 2002), and the 

phospholipid transporter ABCB4 (Liu et al., 2003). At the basolateral membrane of the 

hepatocytes, FXR activation limits bile acid uptake by inhibiting the expression of bile acid 

uptake transporter NTCP via induction of SHP that represses the transactivation of NTCP by 

nuclear receptors such as retinoic acid receptor (RAR) and HNF4α (Denson et al., 2001). In 

conditions associated with hepatic bile acid accumulation, there is usually a compensatory 

induction of transporters including OSTs and MRPs at the basolateral membrane of the 

hepatocytes to efflux bile acids into the systemic blood circulation for subsequent renal 

excretion (Figure 2), resulting in elevated plasma bile acid concentration in cholestasis 

(Ballatori et al., 2005; Boyer et al., 2006; Cui et al., 2009). The OSTα and OSTβ genes are 

directly induced by bile acid activated FXR, while MRP1, MRP3 and MRP4 are induced by 

bile acid-activated PXR during cholestasis, which will be discussed in the next section. In 

the intestine, FXR induces OSTα and OSTβ genes (Frankenberg et al., 2006) and represses 

ASBT gene (Chen et al., 2003; Neimark et al., 2004). Therefore, similar to the role of FXR in 

the hepatocytes, FXR activation in the intestine also inhibits bile acid uptake and promote 

basolateral bile acid secretion, which decreases cellular bile acid accumulation.

Bile acid/xenobiotic receptors in bile acid metabolism and detoxification—Like 

drugs and xenobiotics, bile acids accumulation during cholestasis feedforward induces genes 

that are involved in phase I and phase II bile acid metabolism and detoxification. In the 

liver, CYP3A4 is the major enzyme that catalyzes the hydroxylation of both primary and 

secondary bile acids at various positions, converting bile acids into more hydrophilic and 

less toxic molecules (Araya and Wikvall, 1999; Bodin et al., 2005; Chen et al., 2014). 

However, unlike bile acid transporters, genetic variation of CYP3A4 has not been associated 

with the risk of cholestasis. Bile acids also undergo phase II glucuronidation and 

sulfoconjugation reactions before biliary or renal excretion (Belanger et al., 2003; 
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Kauffman, 2004). Significantly elevated levels of sulfonated and glucoronidated bile acids 

are often seen in patients with cholestasis (Takikawa et al., 1983). Sulfotransferase 2A 

isoforms (SULT2As) are major enzymes involved in the sulfoconjugation reactions of bile 

acids (Weinshilboum et al., 1997), which usually lead to the formation of 3-alpha-sulfated 

bile acids. As mentioned earlier, LCA in the liver can be efficiently sulfated and 

subsequently excretion in the kidney. The protective role of SULT enzymes against bile acid 

toxicity has been demonstrated in LCA-induced liver toxicity in mice (Kitada et al., 2003). 

Glucuronide conjugation of bile acids are catalyzed by UDP-glucuronosyltransferase (UGT) 

isoforms UGT2B4, UGT2B7 and UGT1A3 (Gall et al., 1999; Pillot et al., 1993; Trottier et 

al., 2006). These enzymes mediate the glucuronide conjugation of hydroxylated bile acids at 

different positions. For example, UGT2B4 is involved in the glucoronidation of 6α-

hydroxylated bile acids, while UGT2B7 can mediate the glucoronidation of both 3α-

hydroxylated bile acids and 6α-hydroxylated bile acids. Although some studies have shown 

that bile acid-activated FXR can regulate a few of the above mentioned genes (Barbier et al., 

2003; Lu et al., 2005), extensive studies suggest that the drug and bile acid/xenobiotic-

activated nuclear receptors PXR, CAR and VDR play a predominant role in inducing the 

phase I and phase II bile acid metabolizing genes in cholestasis.

Pregnane X receptor—PXR can be activated by a wide range of xenobiotics, endobiotics 

and clinical drugs, and in turn induces a number of CYP3A and CYP2 family enzymes, 

conjugation enzymes and transporters in drug metabolism (Kliewer et al., 2002). In 

cholestasis, high levels of primary bile acids and secondary bile acids and some of the bile 

acid intermediate metabolites can activate PXR. Upon ligand activation, PXR usually 

induces gene transcription via binding to the xenobiotic response elements in its target gene 

promoter or enhancer regions. In phase I bile acid metabolism, PXR induces CYP3A4 and 

CYP2B genes (Staudinger et al., 2001). Hydroxylation of bile acids by CYP3A4 not only 

detoxifies bile acids, but also increases their conjugation and subsequent excretion. 

Specifically, CYP3A4 can convert CDCA to hyocholic acid and 3α, 7α-dihydroxy-3-

oxo-5β-cholanoic acid, and CA to 3-dehydro-CA. CYP3A4 can convert the highly toxic and 

carcinogenic DCA into 3-dehydro-DCA and 1β, 3α, 12α-trihydroxy-5β-cholanoic acid, and 

LCA into 3-dehydro-LCA, hyodeoxycholic acid and 1β-hydroxy-LCA. In phase II and 

phase III bile acid metabolism, PXR induces the bile acid conjugation enzymes, SULT2A1 

and UGTs, the canalicular transporter MRP2 and the basolateral transporter OATP2 

(Kliewer and Willson, 2002). These PXR target genes are induced in mice treated with LCA 

or subjected to bile duct ligation, while these adaptive responses were impaired in pxr 

knockout mice. PCN, a mouse PXR agonist, repressed hepatic CYP7A1 mRNA expression, 

enzyme activity and biliary bile acid secretion in rodents (Mason and Boyd, 1978; Stahlberg, 

1995; Staudinger et al., 2001), suggesting that PXR may regulate bile acid synthesis. 

Rifampicin-activated PXR was also shown to repress human CYP7A1 gene transcription 

(Bhalla et al., 2004; Li and Chiang, 2005). PXR does not directly bind to the CYP7A1 gene 

promoter. Instead, it interacts with and represses the transactivation activity of HNF4α that 

binds the CYP7A1 gene promoter. In addition, activation of PXR in the intestine was shown 

to induce FGF15 or FGF19 expression, and a PXR response element was identified in the 

promoter of the FGF19 (Wang et al., 2011a; Wistuba et al., 2007). Mice lacking PXR were 

more susceptible to hepatotoxicity caused by LCA treatment or bile duct ligation 
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(Staudinger et al., 2001; Stedman et al., 2005). Studies have also shown that 

pharmacological activation of PXR protected against bile acid-induced liver injury in 

experimental cholestasis models (Stedman et al., 2005). Rifampicin, the human PXR 

agonist, has been used to reduce pruritus associated with cholestasis in humans (Hofmann, 

2002). The effectiveness of rifampicin in treating pruritus varied among individuals 

(Hofmann, 2002).

Constitutive androstane receptor—CAR is another key regulator of drug and bile acid 

metabolizing genes in the liver (Stanley et al., 2006). CAR and PXR can bind to the same 

xenobiotic response elements in the target gene promoters and thus regulate an overlapping 

set of target genes including CYP3A and CYP2Bs. Phenobarbital and TCPOBOP are 

frequently used as CAR agonists in various experimental settings. Bile acids do not directly 

activate CAR, but CAR may be activated by toxic metabolites in cholestasis. CAR agonists 

have been shown to repress CYP7A1 gene in hepatocytes (Miao et al., 2006). Studies have 

shown that activation of CAR was beneficial for protecting against bile acid toxicity during 

cholestasis in mice (Beilke et al., 2009; Guo et al., 2003; Saini et al., 2004; Stedman et al., 

2005). The car knockout mice had higher degree of liver injury than wild type mice upon 

LCA treatment or bile duct ligation (Stedman et al., 2005). CAR may play an important role 

in inducing sulfation of LCA because car transgenic mice had increased levels of sulfated 

LCA and were resistant to LCA toxicity (Saini et al., 2004). Treatment with CAR ligands 

phenobarbital or TCPOBOP in fxr/pxr double knockout mice protected these mice from CA 

feeding-induced bile acid toxicity, which was attributed to the induction of CAR target 

genes Cpy2b, Cyp3a, Mrp2, Ugt1a1 and Gsta (Guo et al., 2003).

Vitamin D3 receptor—VDR is highly expressed in the intestine, but is expressed at very 

low levels in human hepatocytes, and is not expressed in mouse liver. The role of VDR in 

the regulation of intestine bile acid metabolism is well documented (Makishima et al., 

2002), but its role in hepatic bile acid metabolism is less clear. Among all bile acids, LCA 

and its metabolite 3 keto-LCA are the most potent activators of VDR. VDR acts as a bile 

acid sensor in the intestine to protect the gut from bile acid toxicity (Makishima et al., 2002; 

Nagpal et al., 2005). VDR can recognize the same xenobiotic response elements as PXR and 

CAR, and activation of VDR by 1α, 25- dihydroxyvitamin D3 induces CYP3A4, CYP2B 

and CYP2C in drug and bile acid metabolism (Drocourt et al., 2002; Schmiedlin-Ren et al., 

2001; Thummel et al., 2001). Activation of VDR also induced SULT2A1 and thus can 

stimulate bile acid sulfoconjugation (Chatterjee et al., 2005). Furthermore, VDR induced 

two bile acid transporters MRP3 and ASBT in the intestine (Chen et al., 2006; McCarthy et 

al., 2005). It has been suggested that high levels of LCA not only causes cholestasis, but 

may also be involved in the promotion of colon cancer (Ajouz et al., 2014). When LCA 

levels increase in the gut, VDR may be activated as an adaptive response to convert LCA to 

less toxic intermediates for excretion (Makishima et al., 2002).

Unlike PXR and CAR, VDR seemed to be expressed at very low levels in primary human 

hepatocytes (Han et al., 2010). Treatment of 1α, 25-dihydroxyvitamin D3 induced CYP3A, 

CYP2B, and CYP2C in primary human hepatocytes (Drocourt et al., 2002). During 

cholestasis, LCA levels may increase significantly in the liver, which leads to VDR 
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activation. A few studies have investigated the role of VDR in cholestasis in mice. These 

studies used 1α, 25-dihydroxyvitamin D3 as a VDR agonist but not bile acids which also 

activate PXR and FXR. One study showed that 1α, 25-dihydroxyvitamin D3 treatment did 

not affect hepatic or plasma bile acid levels in bile duct ligated mice, suggesting a minimal 

role of VDR in modulating bile acid metabolism in cholestasis (Ogura et al., 2009). 

However, VDR activation by 1α, 25-dihydroxyvitamin D3 treatment in bile duct ligated 

mice reduced pro-inflammatory cytokine expression, suggesting the anti-inflammatory 

properties of VDR may provide certain benefits during cholestasis (Nagpal et al., 2005). 

Another study showed that 1α, 25-dihydroxyvitamin D3 treatment increased renal MRP2, 

MRP3 and MRP4 mRNA expression and increased renal bile acid secretion (Nishida et al., 

2009).

Some studies have shown that VDR agonists affected hepatic bile acid synthesis and bile 

acid pool size, but both the effects and the mechanisms are still somewhat controversial. 

Treating primary human hepatocytes with 1α, 25-dihydroxyvitamin D3 repressed CYP7A1 

mRNA expression, suggesting VDR may inhibit bile acid synthesis in cholestasis (Han et 

al., 2010). A recent study showed that vdr knockout mice showed higher hepatic cyp7a1 

gene expression and a larger bile acid pool size, while 1α, 25-dihydroxyvitamin D3 

treatment decreased hepatic cyp7a1 gene expression in mice (Schmidt et al., 2010). VDR is 

not expressed in mouse hepatocytes. Instead, it was suggested that VDR may affect hepatic 

bile acid synthesis via regulation of intestine FGF15 transcription (Schmidt et al., 2010). In 

contrast, another study showed that injecting mice with 1α, 25-dihydroxyvitamin D3 

increased hepatic CYP7A1 mRNA and lowered cholesterol levels (Chow et al., 2013). This 

was associated with decreased SHP expression in the liver upon VDR activation. These 

effects of VDR activation on bile acid synthesis are likely mediated by extrahepatic 

mechanisms.

10.2.3. Bile acid modulation of hepatic inflammation and cholestatic liver injury

Both CDCA and ursodeoxycholic acid (UDCA) have been used for effective gallstone 

dissolution in human patients for many years (Lioudaki et al., 2011). While CDCA can 

cause mild hepatotoxicity in some patients, UDCA is highly soluble and was found to be 

generally non-toxic to humans. UDCA (Ursodiol™) has also been approved by FDA for 

treating PBC, and has been shown to significantly improve liver tests and prolong the time 

needed for liver transplantation in these patients (Dyson et al., 2015). In contrast, UDCA is 

not effective in treating patient with PSC. Current evidence suggest that UDCA can provide 

multiple benefits including decreased hydrophobicity of the bile acid pool, increased 

hepatobiliary secretion, reduced inflammation and cell death. Nor-ursodeoxycholic acid 

(norUDCA) is a side chain-shortened C23 homologue of UDCA (Yeh et al., 1997; Yoon et 

al., 1986). It cannot be conjugated and after administration it is secreted into the bile, 

reabsorbed by cholangiocytes and returned to the liver. It has been shown that norUDCA 

increased bicarbonate in bile and thus hypercholeresis. It was shown that norUDCA 

improved sclerosing cholangitis in the Mdr2−/− model of cholangiopathy (Halilbasic et al., 

2009).
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As discussed earlier, activation of FXR provides multiple benefits in alleviating cholestatic 

liver injury. Based on these rationales, a potent FXR agonist obeticholic acid (OCA) has 

been tested for treating cholestasis in both experimental animal models and in humans (Ali 

et al., 2015). OCA is a 6α-ethyl CDCA derivative that selectively activates FXR with a ~ 

100-fold higher potency than CDCA (Pellicciari et al., 2004; Pellicciari et al., 2002). In 

animal models of cholestasis, OCA effectively protected against cholestatic liver injury and 

inflammation (Fiorucci et al., 2005; Pellicciari et al., 2002). Recent clinical trials also 

showed that OCA significantly improved liver tests in patients with PBC (Hirschfield et al., 

2015). In addition to decreasing bile acid synthesis, increasing bile flow and promoting bile 

acid detoxification, FXR has recently been shown to directly modulate immune response in 

both hepatic and extrahepatic tissues. Fxr knockout mice showed increased liver 

inflammation, while FXR activation decreased lipopolysaccharide (LPS)-induced hepatic 

inflammation (Wang et al., 2008). Consistently, FXR activation protected against liver 

injury in Mdr2 knockout mouse model of chronic cholangiopathy (Baghdasaryan et al., 

2011). FXR has also been shown to play an anti-inflammatory role in extrahepatic tissues. 

For example, FXR modulates intestine immunity and FXR activation was shown to reduce 

inflammation in inflammatory bowel disease (Gadaleta et al., 2011; Vavassori et al., 2009). 

FXR is expressed in vascular smooth muscle cells (VSMC) and FXR agonists have been 

shown to inhibit inflammation in VSMC and slow the progression of atherosclerosis by 

decreasing inflammation of the vasculature (Bishop-Bailey et al., 2004; Hanniman et al., 

2005; Zhang et al., 2008a). The underlying molecular mechanism by which FXR modulates 

immune response is still not fully clear. FXR activation may antagonize nuclear factor κB 

(NF-κB) signaling to decrease pro-inflammatory cytokine production in the liver (Wang et 

al., 2008). Some studies have reported that FXR was expressed in macrophages and 

activation of FXR repressed LPS-induced pro-inflammatory cytokine expression, an effect 

that was abolished in fxr−/− macrophages (Mencarelli et al., 2009). In VSMC, FXR may 

induce SHP to inhibit the expression of cyclooxygenase 2 (COX-2) and inducible nitric 

oxide synthase (iNOS), which are involved in vascular inflammation and VSMC migration. 

It is noted that beside cholestasis, FXR agonist OCA has also shown promise in treating 

nonalchoholic steatohepatitis (NASH) based on both animal studies and clinical trials (Ali et 

al., 2015; Neuschwander-Tetri et al., 2015). OCA improved lipid and glucose homeostasis, 

liver enzyme tests and insulin sensitivity, which may be attributed to the role of FXR in the 

regulation of lipid and glucose homeostasis, inflammation, insulin sensitivity and bile acid 

metabolism (Ali et al., 2015).

The G protein-coupled receptor TGR5 is a bile acid-activated membrane receptor 

(Kawamata et al., 2003; Maruyama et al., 2002). TGR5 activation stimulates adenylate 

cyclase, intracellular cAMP production and PKA activation. Among all bile acids, LCA and 

3-keto-LCA are the most potent TGR5 agonists with an EC50 of less than 1 μM. DCA, 

CDCA and CA also activate TGR5 with an EC50 of ~1.0, 4.4 and 7.7 μM, respectively. 

Despite the liver being a major bile acid target organ, TGR5 is not expressed in hepatocytes. 

However, TGR5 is expressed in the liver sinusoidal endothelial cells (Keitel et al., 2007), 

gallbladder epithelial cells and Kupffer cells (Keitel et al., 2008). TGR5 is highly expressed 

in the ileum and colon (Kawamata et al., 2003) and in non-traditional bile acid target organs 

including white and brown adipose, spleen, kidney, pancreas, lung, macrophages and the 
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central nervous system (Kawamata et al., 2003). Activation of TGR5 in adipose, muscle and 

intestine has been shown to regulate lipid, glucose and energy metabolism and thus improve 

metabolic homeostasis (Li and Chiang, 2014). TGR5 may be a potential therapeutic target 

for the treatment of diabetes and cardiovascular diseases. The metabolic regulation by TGR5 

signaling will not be further discussed here.

How TGR5 regulates bile acid synthesis and metabolism under normal physiology is 

currently not very clear. However, it was reported that mice lacking TGR5 had reduced bile 

acid pool size (Maruyama et al., 2006), a more hydrophobic bile acid composition and 

showed more severe liver injury upon bile acid feeding or bile duct ligation (Pean et al., 

2013). Studies have shown that pharmacological activation of TGR5 in macrophages may 

play an anti-inflammatory role in the immune system, which is supported by recent studies 

demonstrating a protective role of TGR5 activation in cholestasis and NASH (Kawamata et 

al., 2003; Keitel et al., 2008; McMahan et al., 2013; Pean et al., 2013). Activation of TGR5 

reduced LPS-stimulated pro-inflammatory cytokine production (Keitel et al., 2008). Tgr5 

knockout mice challenged with LPS had higher plasma liver enzymes and elevated cytokine 

expression, while the selective TGR5 agonist 23(S)-mCDCA antagonized LPS-induced 

cytokine expression in mouse liver (Wang et al., 2011b). In the vasculature, TGR5 

activation by 6-EMCA or INT-777 attenuated atherosclerosis in mice. Importantly, it was 

shown that INT-777 did not attenuate atherosclerosis in mice transplanted with bone marrow 

of tgr5 knockout mice, proving the anti-inflammatory and anti-atherogenic role of 

macrophage TGR5. In the intestine where TGR5 is highly expressed, a TGR5 selective 

agonist protected the integrity of intestinal barrier function, immune response, and pro-

inflammatory cytokine production in experimental colitis models (Cipriani et al., 2011; 

Yoneno et al., 2013). Pruritus is commonly associated with cholestasis and treatment with 

bile acid derivatives. A recent study suggests that TGR5 mediates bile acid-induced itch and 

analgesia (Alemi et al., 2013). Bile acids activate TGR5 on sensory nerves and stimulate the 

release of neuropeptides in the spinal cord that transmits itch and analgesia.

10.3. Role of bile acids in liver injury, regeneration and cancer

Patients with chronic and advanced stage cholestasis including PBC and PSC may be at 

higher risk of developing HCC and bile duct cancer (Eaton et al., 2013; Tomiyama et al., 

2013). One of the unique characteristics of liver is its ability to regenerate after liver injury 

or surgical resection (Michalopoulos, 2013). Proper liver regeneration is an important 

determinant of final outcome after toxin or drug-induced liver injury (Mehendale, 2005). In 

cholestasis, both biliary epithelial cells and hepatocytes proliferate to compensate for liver 

cell death. On one hand, cholestasis is associated with reduced regenerating capability 

(Yokoyama et al., 2007); On the other hand, repeated injury and repair cycles during chronic 

cholestasis exacerbate liver fibrosis, inflammation, cirrhosis and cancer. During cholestasis, 

bile acids not only act as toxins to cause chronic inflammation and cell death, bile acids also 

activate cellular mitogenic signaling pathways to regulate cell proliferation (Fan et al., 

2015). Studies indicate that bile acids are tumor promoters and involved in the pathogenesis 

of hepatocellular carcinoma (HCC) (Kim et al., 2007; Yang et al., 2007).
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Liver can regenerate upon surgical resection. This is modeled using partial hepatectomy 

(PHX) procedures where about two-thirds of the liver was surgically removed in rodents to 

allow the study of the regeneration process. Studies in this model have obtains important 

information on the role and regulation of bile acids metabolism and signaling in the 

regulation of hepatocyte proliferation. In rats and mice, hepatic CYP7A1 enzyme activity 

and mRNA expression were significantly decreased immediately following PHX (Huang et 

al., 2006; Maeda et al., 2005; Nakano et al., 1995). This may reflect an increased bile acid 

influx and activation of the FXR signaling in the regenerating lobe. Overexpression of 

CYP7A1 in the liver impaired liver regeneration in mice, suggesting that repression of 

CYP7A1 and hepatic bile acid synthesis may be necessary for normal regeneration (Zhang 

et al., 2009). In addition, deletion of fxr gene in mice resulted in high mortality coupled with 

inhibited liver regeneration following PHX (Huang et al., 2006). Later studies also revealed 

a similar effect of FXR deletion in liver regeneration after CCl4 and APAP-induced liver 

injury (Meng et al., 2010). Global deletion of FXR resulted in significantly induced 

CYP7A1, which caused enlarged bile acid pool and higher plasma bile acid levels in mice. 

Indeed, later studies showed that hepatocyte-specific fxr knockout mice displayed only a 

moderate delay in liver regeneration after PHX without any liver injury or necrosis in the 

regenerating lobes (Borude et al., 2012; Zhang et al., 2012). Hepatocyte-specific fxr 

knockout mice have intact intestine bile acids/FXR/FGF15 axis that limits the CYP7A1 

expression and the expansion of bile acid pool. In addition, bile acid-induced FGF15 was 

recently shown to act as a secondary or auxiliary mitogen for hepatocytes and may enhance 

promitogenic effects of primary mitogens such as hepatocyte growth factors (HGF) and 

epidermal growth factor (EGF) (Limaye et al., 2008). Both fgf15 knockout mice and fgfr4 

knockout mice had impaired liver regeneration and increased mortality after PHX (Chen et 

al., 2014; Uriarte et al., 2013). Current evidence suggests that intestine bile acid/FXR/

FGF15 signaling axis is required to promote normal liver regeneration, while hepatic bile 

acid overload in cholestasis impairs normal liver regeneration.

The initial studies on the role of bile acids and liver cancers, specifically hepatocellular 

carcinoma, performed between 1970s and early 2000s showed that plasma bile acid 

concentrations are higher in HCC patients as compared to normal healthy subjects 

(Changbumrung et al., 1990; El-Mir et al., 2001; Hirayama and Irisa, 1976). These studies 

indicated that bile acid homeostasis was disturbed during HCC and cholangiocarcinoma 

development and could be potentially used as a biomarker. The first causative link between 

higher bile acids and HCC pathogenesis came in mid 2000s when two groups independently 

demonstrated that the fxr knockout mice develop spontaneous liver tumors (Kim et al., 2007; 

Yang et al., 2007). Further studies showed that genetic deletion of shp gene in mice also led 

to spontaneous HCC (Anakk et al., 2011; Katzenellenbogen et al., 2007; Zhang et al., 

2008b). Deletion of Mdr2 gene resulted in portal regurgitation of bile, extensive cholestasis 

resulting in a condition similar to progressive familial intrahepatic cholestasis (PFIC). The 

Mdr2−/− mice developed biliary fibrosis and HCC (Katzenellenbogen et al., 2006). Similar 

condition was observed in humans where chronic cholestasis led to the development of HCC 

in many cases (Eaton et al., 2013; Tomiyama et al., 2013). In cholestasis, high levels of bile 

acids can lead to the generation of reactive oxygen species, disruption of cell membrane, 

impairment of mitochondrial function and induction of DNA damage and mutation. Toxic 
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bile acids-induced chronic inflammation and injury-repair response in the liver likely 

contributes to tumor promotion. In addition, bile acids, specifically the highly hydrophobic 

and highly toxic DCA, are known to activate cellular signaling pathways such as MAPK, 

STAT-3 and NF-κB to induce cytokines such as tumor necrosis factor α (TNFα), interleukin 

6 (IL-6). It is also known that bile acids can activate pro-inflammatory molecules such as 

Egr1 via an EGFR-dependent, FXR-independent mechanism (Allen et al., 2011). More 

recent studies revealed that conjugated bile acids can activate the sphingosine 1-phosphate 

receptor 2 that activates intracellular ERK1/2 and AKT signaling to promote the invasive 

growth of cholangiocarcinoma, which is commonly associated with chronic cholestasis (Liu 

et al., 2014; Studer et al., 2012). In summary, current studies suggest that dysregulation of 

hepatic bile acid synthetic and metabolizing enzymes and bile acid-activated receptors in 

cholestatic liver injury have an impact on hepatocyte proliferation, regeneration and 

tumorigenesis.

Conclusion

Bile acids are not only physiological detergent molecules that facilitate hepatic excretion of 

endogenous metabolites, xenobiotic and drugs and intestine fat and nutrient absorption, but 

also act as signaling molecules that regulate various cellular processes involved in 

metabolism, immune response and cell growth. Bile acids are highly toxic and accumulation 

of bile acids in cholestasis leads to tissue inflammation and injury, and increases the risk of 

liver cancer. Cytochrome P450 enzymes are involved in bile acid synthesis and 

detoxification. Bile acids, like drugs, undergo phase II conjugation and Phase III excretion. 

Bile acid synthesis and transport are tightly regulated by bile acid and drug/xenobiotic 

sensing nuclear receptors to maintain bile acid homeostasis. These receptors regulate genes 

in phase I, phase II and phase II bile acid metabolism and play a critical role in the 

detoxification of bile acids. Knowledge on the mechanisms of the regulation of bile acid 

metabolism and signaling provide important molecular basis for the development of novel 

therapeutic approaches for the treatment of cholestasis and inflammation-related liver 

diseases.
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CYP27A1 sterol 27-hydroxylase (CYP27A1)

CYP7B1 oxysterol 7α-hydroxylase

LCA lithocholic acid

MCA muricholic acid

HCA hyocholic acid

UDCA ursodeoxycholic acid

CCK cholecystokinin

NTCP Na+-dependent taurocholate transporter

mEH microsomal epoxide hydrolase (mEH)

OATP organic anion transporter

BSEP bile salt export pump

SPGP the sister of P-glycoprotein

PFIC progressive familial intrahepatic cholestasis

MRP multidrug resistance-associated protein

ABC ATP-binding cassette transporter

OST organic solute transporter

ASBT apical sodium-dependent bile salt transporter

I-BABP intestinal bile acid binding protein

ICP intrahepatic cholestasis of pregnancy

PBC primary biliary cirrhosis

PSC primary sclerosing cholangitis

NR Nuclear receptors

RXR receptor retinoid X receptor

HNF4α hepatocyte nuclear factor 4α

LRH-1 liver receptor homolog-1

FXR Farnesoid X receptor (FXR)

PXR Pregnane X receptor

VDR vitamin D receptor

SHP small heterodimer partner

FGF15 fibroblast growth factor 15

FGFR4 FGF receptor 4

FRS2 FGF receptor substrate 2
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RAR retinoic acid receptor

norUDCA Nor-ursodeoxycholic acid

OCA obeticholic acid

LPS lipopolysaccharide

VSMC vascular smooth muscle cells

NF-κB nuclear factor κB

COX-2 cyclooxygenase 2

iNOS inducible nitric oxide synthase

PHX partial hepatectomy

APAP acetaminophen

HCC hepatocellular carcinoma

HGF hepatocyte growth factors

EGF epidermal growth factor

TNFα tumor necrosis factor α

IL-6 interleukin 6
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Figure 1. Bile acid synthetic pathways and bile acid structure
Cholesterol is the common precursor for bile acid synthesis via two major bile acid 

biosynthetic pathways. In the classic pathway, the rate-limiting enzyme cholesterol 7α-

hydroxylase (CYP7A1) in the endoplasmic reticulum converts cholesterol into 7α-

hydroxycholesterol. The 3β-hydroxysteroid dehydrogenase (3βHSD, HSD3B7) converts 7α-

hydroxycholesterol to 7α-hydroxy-4 cholesten-3-one (C4). C4 can be converted to cholic 

acid (CA) which requires the sterol 12α-hydroxylase (CYP8B1). Without 12α-

hydroxylation by CYP8B1, C4 is eventually converted to chenodeoxycholic acid (CDCA). 

In the classic pathway, the mitochondrial sterol 27-hydroxylase (CYP27A1) catalyzes the 

steroid side-chain oxidation in both CA and CDCA synthesis. In the alternative pathway, 

CYP27A1 catalyzes the first step to convert cholesterol to 27-hydroxycholesterol. Oxysterol 

7α-hydroxylase (CYP7B1) catalyzes hydroxylation of 27-hydroxycholesterol to 3β, 7α-

dihydroxy-5-cholestenoic acid, which eventually is converted to CDCA. In the large 

intestine, bacterial 7α-dehydroxylase removes a hydroxyl group from C-7 and converts CA 
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to deoxycholic acid (DCA) and CDCA to lithocholic acid (LCA). In mouse liver, most of 

CDCA is converted to α- and β-muricholic acid (MCA).
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Figure 2. Bile acid transporters in the Enterohepatic circulation
Bile acids, after synthesis, are secreted into the bile where bile acids, cholesterol and 

phospholipids form micelles. Food intake stimulates the gallbladder to release bile acids into 

the small intestine. Conjugated bile acids are efficiently re-absorbed in the ileum by active 

transport systems in the ileum, and a small amount of un-conjugated bile acids is reabsorbed 

by passive diffusion in the small and large intestine. Less than 5% of the bile acids is lost 

through fecal excretion, which is compensated by de novo synthesis in the liver. At the 

canalicular membrane of the hepatocytes, the bile salt export pump (BSEP) is the primary 

bile acid efflux transporter, while the multidrug resistance-associated protein-2 (MRP-2) can 

also secrete organic substrates including bile acids, bilirubin and glutathione. ABCG5 and 

ABCG8 form heterodimers and transport cholesterol into the bile, and multidrug 

resistance-2 (MDR2) is responsible for phospholipid secretion. At the basolateral membrane 

of the hepatocytes, The Na+-dependent taurocholate transporter (NTCP) is mainly 

responsible for Na+-dependent uptake of conjugated bile acids. The microsomal epoxide 

hydrolase (mEH) may also mediate Na+-dependent uptake of conjugated bile acids. The 

organic anion transporters (OATPs) show substrate specificity for unconjugated bile acids. 

At the basolateral membrane of the hepatocytes, organic solute transporters OSTα and OSTβ 

heterodimers, MRP3 and MRP4 secrete bile acids into the systemic circulation. In 

cholestasis, this pathway is induced and leads to subsequent renal bile acid excretion. In the 

intestine, the apical sodium-dependent bile acid transport (ASBT) mediates bile acid uptake 
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in the ileum. Intracellular bile acids are bound to the intestinal bile acid binding protein (I-

BABP) and are transported to the basolateral membrane where bile acids is secreted into the 

portal circulation by the OSTα and OSTβ heterodimer.
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Figure 3. Nuclear receptors
The domain structure of a typical nuclear receptor contains a DNA binding domain (DBD) 

and a ligand binding domain (LBD). Nuclear receptors recognize consensus DNA sequence 

AGGTCA half site arranged in direct repeat (DR), everted repeat (ER) and inverted repeat 

(IR). Ligand binding causes nuclear receptor LBD conformational change, which allows the 

nuclear receptor to recruit coactivators to replace corepressors. Co-activators facilitate 

chromatin remodeling and the assembly of general transcriptional machinery, leading to 

transactivation of the target gene.
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Figure 4. FXR regulation of bile acid feedback inhibition of bile acid synthesis and bile acid 
transport in the enterohepatic system
In hepatocytes, bile acids-activated FXR induces the repressor SHP, which interacts with 

and represses the trans-activating action of HNF4α and LRH-1, leading to CYP7A1 

inhibition. Bile acid/FXR induces SHP to repress NTCP. FXR binds to BSEP gene promoter 

and induced BSEP and canalicular bile acid secretion. In the intestine, FXR activation 

inhibits ASBT and induces OSTα and OSTβ, and thus decreases bile acid absorption and 

promotes basolateral bile acid secretion. Bile acid-activated FXR induces FGF15 (FGF19 in 

humans). FGF15 binds and activates FGFR4 on the hepatocytes, leading to the inhibition of 

CYP7A1 gene, a process that may involve ERK1/2 signaling. The downstream target of 

FGF15/19 has not been well characterized.
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Table 1

Bile acid-activated nuclear receptor target genes in bile acid metabolism

Receptors Target genes regulation Function and pathways

FXR CYP7A1 Down Enzyme in bile acid synthesis

CYP8B1 Down Enzyme in bile acid synthesis

CYP27A1 Down Enzyme in bile acid synthesis

SHP Up Negative regulator of bile acid synthesis

FGF15/FGF19 Up Negative regulator of bile acid synthesis

BSEP Up Canalicular bile acid secretion

OSTα/OSTβ Up Basolateral bile acid secretion

NTCP Down Basolateral bile acid uptake

UGT2B4/UGT2B7 Up Bile acid conjugation

PXR CYP3A Up Phase-I bile acid/drug metabolism

CYP2B/CYP2C Up Phase-I bile acid/drug metabolism

MRP1/MRP2/MRP3 Up Bile acid/drug transport

UGT1A3 Up Bile acid conjugation

SULT2A1 Up Bile acid conjugation

OATP2 Up Basolateral bile acid/drug uptake

CYP7A1 Down Enzyme in bile acid synthesis

CAR CYP3A Up Phase-I bile acid/drug metabolism

CYP2B, CYP2C Up Phase-I bile acid/drug metabolism

UGT1A1 Up Bile acid conjugation

MRP2 Up Bile acid/drug transport

CYP7A1 Down Enzyme in bile acid synthesis

VDR CYP3A Up Phase-I bile acid/drug metabolism

CYP2B/CYP2C Up Phase-I bile acid/drug metabolism

SULT2A1 Up Bile acid conjugation

MRP3/MRP4 Up Bile acid/drug transport

ASBT Up Canalicular bile acid uptake

CYP7A1 Down Enzyme in bile acid synthesis
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