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Preface

It is a pleasure to introduce Bile Acids in Gastroenterology. Research has focused

on bile acids as a key player in lipid metabolism as well as a cytotoxic or protective

agent for hepatobiliary and digestive diseases. Bile acids have long been one of the

most popular targets for basic and clinical research in gastroenterology, and num-

bers of reports are still being published in major journals as novel information.

Therefore, the main objective of this book is to provide updated information on bile

acids for scientists and physicians to take advantage of regarding progress in basic

research and for clinical application.

In principle, bile acids are soluble amphiphilic (detergent-like) molecules

produced by catabolizing cholesterol in the liver, and are essential for secretion

and transport of cholesterol in bile and for fat digestion and absorption in the small

intestine. In biological terms, bile acid molecules are re-absolved from the intestine,

followed by recruiting to the liver. This recycling system is so-called enterohepatic

circulation, and thanks to such recruitment, the liver synthesizes only enough to

compensate for small losses in the feces. Accordingly, biliary bile acids are derived

almost entirely from the enterohepatic circulation. Bile acids are the main constit-

uents of bile and are stored in the gall bladder, flowing into the small intestine after

meal ingestion. Intestinal bile acids facilitate digestion and absorption of lipids and

fat-soluble vitamins. Thus, bile acids play a role in lipid metabolism.

Recently there has been intensive interest in the revelation that bile acids are

responsible not only for the digestion and absorption of lipids but also for signal

transduction in various metabolic pathways as natural ligands for nuclear receptors,

to participate in pathogenesis and management of various diseases such as cancer,

immune disorders, and metabolic syndrome. Therefore, in this book, Part I consists

mainly of biological aspects of bile acids and includes the chapters “Metabolism of

Bile Acids”, “Hepatobiliary Transport of Bile Acids”, “Intestinal Absorption of

Bile Acids”, “Nuclear Receptor Regulation of Bile Acids”, and “Bile Acids as
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Therapeutic Agents” (Chaps. 1, 2, 3, 4, and 5). Following the precise treatment of

the biological aspects of bile acids, in Part II the relationship between bile acids and

diseases is described according to recent reports in the chapter “Bile Acids and

Gallstones” (Chap. 6)—a traditional theme, but recently updated evidence-based

clinical practice guidelines have accelerated interest in both the basic and clinical

aspects. Similarly, the chapters “Bile Acids and Cholestatic Liver Disease, Primary

Biliary Cholangitis (PBC), and Primary Sclerosing Cholangitis, (PSC)”, and “Bile

Acids and Non-alcoholic Fatty Liver Diseases/Non-alcoholic Steatohepatitis

(NAFLD/NASH)” and “Bile Acids and Viral Hepatitis and HCC” (Chaps. 7, 8,

10, and 11) are also focused on through evidence-based clinical practice guidelines.

In addition, other interests including “Bile Acids and Pancreatitis”, “Bile Acids and

Esophageal Cancer”, and “Bile Acids and Colon Cancer” (Chaps. 12, 13, and 14)

are introduced to provide recent findings. Taken together, this book provides

excellent coverage of the current knowledge of bile acids in gastroenterology and

will be of great interest to concerned readers.

Hiroshima, Japan Susumu Tazuma

Tokyo, Japan Hajime Takikawa

18 November 2016
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Part I

Biological Aspects of Bile Acids



Chapter 1

Metabolism of Bile Acids

Hajime Takikawa

Abstract Bile acids are biosynthesized from cholesterol in the liver. Cholic acid

(CA), chenodeoxycholic acid (CDCA), and deoxycholic acid (DCA) are major bile

acids in humans. Neutral (classical) pathway is the major pathway of the bile acid

biosynthesis in adult humans, which starts from 7ɑ-hydroxylation of cholesterol,

catalyzed by cholesterol 7ɑ-hydroxylase (CYP7A1), the rate-limiting step of bile

acid biosynthesis. In the liver, farnesoid X receptor (FXR) induces the negative

nuclear receptor, small heterodimer partner (SHP), which inhibits CYP7A1 and

CYP8B1 gene transcription. FXR and SHP are activated by bile acids in the liver. In

the intestine, FXR agonists induce fibroblast growth factor 15 (FGF15; FGF19 in

humans), which activates the liver FGF receptor in the liver to inhibit CYP7A1 and

CYP8B1 expression. Most bile acids in the bile and serum are conjugated with

glycine or taurine. In addition, sulfate and glucuronide conjugates of bile acids also

exist, which are hydrophilic and useful for urinary excretion. Bile acids with less

hydroxyl groups are subjected to these conjugations, which are appropriate for the

detoxication of toxic bile acids.

Keywords Cholesterol 7ɑ-hydroxylase (CYP7A1) • Sterol 12ɑ-hydroxylase
(CYP8B1) • Sterol 27-hydroxylase (CYP27A1) • Oxysterol 7α-hydroxylase
(CYP7B1) • Farnesoid X receptor (FXR)

1.1 Types of Bile Acids

Bile acids are biosynthesized from cholesterol in the liver. These bile acids, called

primary bile acids, are cholic acid (CA) and chenodeoxycholic acid (CDCA)

(Fig. 1.1) in humans. CA and CDCA are metabolized to deoxycholic acid (DCA)

and lithocholic acid (LCA), respectively, by 7ɑ-dehydroxylase of intestinal bacteria
(Fig. 1.1). CDCA is also metabolized to ursodeoxycholic acid (UDCA) via the

7-oxo-intermediate (Fig. 1.1).

H. Takikawa (*)
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1.2 Biosynthesis of Bile Acids

Two pathways, classical (neutral) pathway and alternative pathway, are known for

the biosynthesis of bile acids [1].

Neutral pathway is the major pathway of the biosynthesis of bile acids in adult

humans, which starts from 7ɑ-hydroxylation of cholesterol, followed by the oxida-

tive cleavage of the side chain staring from 27-hyrdoxylation (Fig. 1.2). 7ɑ-
-Hydroxylation of cholesterol (1) is performed in hepatic microsomes, and

7ɑ-hydroxycholesterol (2) is produced. This reaction is catalyzed by cholesterol

7ɑ-hydroxylase (CYP7A1), a rate-limiting step of bile acid biosynthesis. The

activity of CYP7A1 is subjected to negative feedback by bile acids returning to

the liver via the portal vein. This negative feedback does not occur by external bile

drainage, ileal resection, and bile acid absorbent administration, and the activity of

CYP7A1 is increased and bile acid biosynthesis increases up to six- to sevenfolds.

7ɑ-Hydroxycholesterol (2) is metabolized to 7ɑ-hydroxycholest-4-en-3-one (3) by
the oxidation of 3 ß-hydroxyl residue and the transposition of the double bond from

Δ5 to Δ4. A part of 7ɑ-hydroxycholest-4-en-3-one (3) is converted to 7ɑ, 12ɑ-
-dihydroxycholest-4-en-3-one (8) by microsomal sterol 12ɑ-hydroxylase
(CYP8B1). 7ɑ-Hdroxycholest-4-en-3-one (3) and 7ɑ, 12ɑ-dihydroxycholest-4-en-
3-one (8) are subjected to the oxidation of the Δ4–3-keo residue and converted to

the intermediates of 5ß-cholestane-3ɑ ,7ɑ-diol (4) and 5ß-cholestane-3ɑ, 7ɑ,
12ɑ-triol (9) with the mother nucleus of CDCA and CA, respectively, and the

Fig. 1.1 Types of bile acids
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side chain of cholesterol, followed by the oxidized cleavage of the side chain. At

first, 5ß-cholestane-3ɑ, 7ɑ-diol (4) and 5ß-cholestane-3ɑ, 7ɑ, 12ɑ-triol (9) are

converted to 5ß-cholestane-3ɑ, 7ɑ, 27-triol (5) and 5ß-cholestane-3ɑ, 7ɑ, 12ɑ,
27-tetrol (10) by sterol 27-hydroxylase (CYP27A1) of hepatic mitochondria.

Next, the hydroxyl residues of 5ß-cholestane-3ɑ,7ɑ, 27-triol (5) and 5-

ß-cholestane-3ɑ, 7ɑ, 12ɑ, 27-tetrol (10) are oxidized to the carboxyl residue via

the aldehyde residue, producing 3ɑ, 7ɑ-dihydoxy-5ß-cholestanoic acid (6) and 3ɑ,
7ɑ, 12ɑ-trihydoxy-5ß-cholestanoic acid (11). Finally, these are subjected to

Fig. 1.2 The biosynthesis pathway of bile acids (2) 7ɑ-hydroxycholesterol, (3) 7ɑ-
-hydroxycholest-4-en-3-one, (4) 5ß-cholestane-3ɑ ,7ɑ-diol, (5) 5ß-cholestane-3ɑ ,7ɑ, 26-triol,
(6) 3ɑ ,7ɑ-dihydoxy-5ß-cholestanoic acid, (8) 7ɑ, 12ɑ-dihydroxycholest-4-en-3-one, (9) 5-

ß-cholestane-3ɑ ,7ɑ, 12ɑ-triol, (10) 5ß-cholestane-3ɑ ,7ɑ, 12ɑ, 27-tetrol, (11) 3ɑ ,7ɑ, 12 ɑ-
-trihydoxy-5ß-cholestanoic acid

1 Metabolism of Bile Acids 5



ß-oxidation, similar to the ß-oxidation of fatty acids, and CDCA (7) and CA (12) are

produced. In fact, CDCA and CA are produced as the CoA derivatives and secreted

as the glycine or taurine conjugates after the conjugation with glycine or taurine.

The acidic pathway of bile acid biosynthesis is started by CYP27A1, which

produces 27-hydoxycholesterol, followed by oxysterol 7α-hydroxylase (CYP7B1),
which produces 3ß,7ɑ-dihydoxy-5-cholestenoic acid [1]. These two enzymes are

expressed in most tissues and are responsible for oxidation of cholesterol.

Oxysterols transported to hepatocytes are converted to bile acids. Other alternative

pathways have also been reported in humans.

Farnesoid X receptor (FXR) is known to inhibit CYP7A1, CYP8B1, CYP27A1,

and CYP7B1 [2]. Two mechanisms have been reported to inhibit bile acid biosyn-

thesis by bile acids. In the liver, FXR induces the negative nuclear receptor, small

heterodimer partner (SHP), which inhibits CYP7A1 and CYP8B1 gene transcrip-

tion. FXR and SHP are activated by bile acids in the liver. In the intestine, FXR

agonists induce fibroblast growth factor 15 (FGF15; FGF19 in humans), which

activates the liver FGF receptor 4/β-Klotho signaling pathway in the liver to inhibit
CYP7A1 and CYP8B1 expression [3]. Schaap et al. reported that hepatic FGF19

levels were increased and inversely correlated to the reduced CYP7A1 expression

levels in patients with extrahepatic cholestasis [4].

1.3 Conjugation of Bile Acids

Most bile acids in the bile and serum are conjugated with glycine or taurine

(Fig. 1.3). The conjugation ratio of these amino acids (G/T ratio) is about 3 in

adult human bile. Although bile acid/amino acid transferase in the liver has higher

affinity with taurine than glycine, glycine is used to conjugate after using up taurine,

since the taurine pool in the liver is small. Thus, the G/T ratio is kept about 3.

The G/T ratio increases in patients with ileal diseases and ileal resection, since

bile acid biosynthesis increases due to the inhibition of the ileal bile acid

reabsorption, resulting in taurine deficiency and increased glycine conjugation of

bile acids. On the other hand, the G/T ratio decreases in the conditions of decreased

bile acid biosynthesis. Especially, the G/T ratio decreases markedly in patients with

cerebrotendinous xanthomatosis (CTX) due to a remarkable decrease in bile acid

biosynthesis.

Other than amino acid conjugates, sulfate and glucuronide conjugates of bile

acids, mainly 3-hydroxy conjugates, also exist, including double conjugates with

amino acid and sulfate (Fig. 1.3). These bile acid conjugates are hydrophilic and

useful for urinary excretion. Bile acids with less hydroxyl groups are subjected to

sulfation and glucuronidation, which are appropriate for detoxication since these

bile acids are toxic. N-acetylglucosaminidation is reported to be a selective conju-

gation pathway for seven beta-hydroxylated bile acids [5]. Makino and coworkers

reported that UDCA-N-acetylglucosaminide was detected in UDCA-treated

patients, which was less than 2.5% of total serum bile acids [6].
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Biliary bile acid concentrations are about 10 mg/ml and are composed mainly of

CA, CDCA, and DCA, and the ratio of CA to CDCA (C/CDC ratio) is about

1.1–1.4. Because of the very efficient bile acid uptake system of the liver, serum

bile acid levels in the systemic circulation are about 1–2 μg/ml. In peripheral blood,

CA, CDCD, and DCA are also abundant bile acids, but the C/CDC ratio is about 0.3

due to the more efficient hepatic uptake of CA than CDCA. Serum bile acids are

mainly glycine or taurine conjugates and sulfates and glucuronides comprise about

10%, respectively [7, 8].
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Chapter 2

Hepatobiliary Transport of Bile Acids

Tatehiro Kagawa

Abstract Bile acids are the major driving force of bile excretion from hepatocytes;

they are synthesized from cholesterol via at least 17 enzymatic reactions. They play

a critical role in cholesterol disposal and the absorption of fat and fat-soluble

vitamins. The concentration of intracellular bile acid is tightly regulated by mod-

ulating expression of bile acid transporters via nuclear receptors. This article pro-

vides a comprehensive overview of the characteristics and regulatory networks of

hepatobiliary bile acid transporters.

Keywords Bile acid • Transporter • Cholestasis

2.1 Introduction

Bile acids are the major driving force of bile excretion from hepatocytes; they are

synthesized from cholesterol via at least 17 enzymatic reactions. They play a

critical role in cholesterol disposal and the absorption of fat and fat-soluble vita-

mins. After excretion from hepatocytes into the bile canaliculus, most bile acids

(~95%) are reabsorbed in the terminal ileum and return to the liver via the portal

vein (enterohepatic circulation). Influx and efflux of bile acids in organs is mediated

by organ-specific transporters (Fig. 2.1). In hepatocytes, bile acids are absorbed

from the sinusoid by the Na+-taurocholate cotransporting polypeptide (NTCP,

SLC10A1) and secreted into the bile canaliculus by the bile salt export pump

(BSEP, ABCB11). Other bile components are secreted by their corresponding

transporters: phospholipids by multidrug resistance protein 3 (MDR3, ABCB4),

organic anions by multidrug resistance-associated protein 2 (MRP2, ABCC2), and

cholesterol by ABCG5/G8. In the terminal ileum, bile acids are absorbed from the

intestinal lumen by the apical sodium-dependent bile acid transporter (ASBT,

SLC10A2) and excreted into the portal vein by the organic solute transporters

(OSTα/OSTβ, SLC51A/SLC51B) that facilitate bidirectional diffusion.
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Bile acids are detergents and toxic to cells at high concentrations; therefore, their

cellular concentration must be tightly regulated by refined feedback systems. Bile

acids, now known as a signaling molecule, activate a nuclear receptor, farnesoid X

receptor (FXR,NR1H4), and theGprotein-coupledbile acid receptor,TGR5, thereby

triggering a number of physiological reactions (see [Chap. 4] “Nuclear Receptor

cholesterol

organic anions

phospholipids

bile acids

HepatocytesOSTα/OSTβ

Na

MRP3/MRP4

OATP1B1/1B3

MDR3

MRP2

ABCG5/8

Cholangiocytes

Tight junction

Bile canaliculus

OSTα/OSTβ

T-ASBT

MRP3

OSTα/OSTβ Enterocytes

ASBT

ASBT

NTCP

BSEP+

Fig. 2.1 Bile acid transporters. In hepatocytes, bile acids are absorbed from the sinusoid by

NTCP, and in part by OATPs, and are secreted into the bile canaliculus by BSEP. In the terminal

ileum, they are absorbed from the intestinal lumen by ASBT and excreted into the portal vein by

OSTα/OSTβ to return to the liver (enterohepatic circulation). Other components of bile are

secreted into the bile canaliculus by MDR3 (phospholipids), MRP2 (organic anions), and

ABCG5/G8 (cholesterol). OSTα/OSTβ, MRP3, and MRP4 are involved in retrograde bile acid

elimination from the basolateral membrane to the sinusoid in cholestasis. In cholangiocytes, bile

acids are absorbed by ASBT and secreted into the peribiliary plexus by OSTα/OSTβ, MRP3, and a

truncated ASBT (t-ASBT) (cholehepatic shunting)

10 T. Kagawa
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Regulation”). In hepatocytes, bile acids bind to FXR, which represses NTCP and

prevents further bile acid uptake, downregulates cholesterol 7α-hydroxylase
(CYP7A1) to inhibit further bile acid synthesis, and activates BSEP to induce bile

acid secretion into the bile canaliculus. All of these events ultimately result in a

reduction in the concentration of intracellular bile acids. This article provides a

comprehensive overview of the characteristics and regulatory networks of

hepatobiliary bile acid transporters.

2.2 BSEP

2.2.1 Characteristics

The human BSEP gene is located on chromosome 2 (2q24) and is translated into a

protein comprising 1,321 amino acids, with a molecular mass of ~160 kDa

[1]. BSEP belongs to the ABC subfamily B, harboring 12 potential transmembrane

segments and two sets of Walker A and B motifs that bind to ATP [2–4]. BSEP is

exclusively expressed in hepatocytes, where it resides along the canalicular mem-

branes and exports bile acids into the bile canaliculus in an ATP-dependent fashion.

The rat Bsep receives N-linked glycosylation at four asparagine residues in the first
extracellular loop [5], sites that are also present in human BSEP. These glycans are

required for correct trafficking to the canalicular membrane; loss of two or more

glycans results in rapid degradation at the proteasome [5]. The intracellular distri-

bution of Bsep was analyzed using pulse-chase studies in rats [6, 7]. Newly syn-

thesized Bsep traffics directly from the Golgi to the canalicular membrane through

a post-Golgi endosomal fraction. This is in contrast to other canalicular proteins,

such as dipeptidyl peptidase IV and the canalicular cell adhesion molecule

(cCAM105), which reach the basolateral membrane before arriving at the canalic-

ular membrane (transcytosis) [6]. Bsep cycles between intracellular pools and the

canalicular membrane, and taurocholic acid (TCA) and cAMP increase the amount

of Bsep in the canalicular membrane [7]. Studies usingWIFB9 cells, a stable hybrid

of rat hepatoma and human fibroblasts with sealed bile canaliculi, revealed that

Bsep constitutively cycles between the canalicular membrane and Rab11a-positive

recycling endosomes [8]. HS-1-associated protein X-1 (HAX-1) [9] and

non-muscle myosin II regulatory light chain 2a (MLC2a) [10] were identified as

binding partners in a yeast two-hybrid screen. HAX-1 participates in clathrin-

mediated endocytosis through interactions with cortactin [9]. MLC2a is involved

in trafficking of newly synthesized Bsep to the canalicular membrane [10]. The

AP2 adaptor complex is involved in clathrin-dependent endocytosis through inter-

actions with a tyrosine motif at the carboxyl terminus of BSEP [11, 12].

p38MAPK is involved in BSEP trafficking from the Golgi to the canalicular

membrane, and tauroursodeoxycholic acid (TUDCA)-induced choleretic action is

2 Hepatobiliary Transport of Bile Acids 11



dependent on p38MAPK activation [13]. Short-chain ubiquitination is associated

with BSEP degradation and is modulated by 4-phenylbutyrate (4PBA) [14].

Human BSEP transports glycine and taurine conjugates of the two primary bile

acids, cholic acid (CA) and chenodeoxycholic acid (CDCA), with high affinity and

selectivity [2, 15–17].

2.2.2 Gene Regulation

BSEP expression is tightly regulated by the nuclear receptor, FXR. When bile acids

bind to FXR, FXR forms a heterodimer with retinoid X receptor (RXR) [18] and

induces BSEP upregulation via binding to the FXR-responsive element (FXRE) in

the promoter region [19, 20]. Besides endogenous FXR agonists, such as CDCA,

deoxycholic acid (DCA), and CA [18], more potent synthetic FXR agonists such as

6α-ethyl-CDCA (obeticholic acid, INT-747) [21], 6α-ethyl-3α,7α,23-trihydroxy-
24-nor-5β-cholan-23-sulfate (INT-767) [22], and GW4064 [23] upregulate BSEP
expression in various cell lines and animal models. As for obeticholic acid, clinical

trials for primary biliary cholangitis (PBC), primary sclerosing cholangitis (PSC),

and nonalcoholic steatohepatitis (NASH) are ongoing. Ursodeoxycholic acid

(UDCA), which is often used to treat cholestasis, is not an FXR ligand. Notably,

muricholic acid, one of the major bile acid species present in rodents but not in

humans, is antagonistic to FXR [24]. In Fxr�/� mice, Bsep expression levels are

markedly reduced at baseline and are not induced further by bile acid feeding [25],

suggesting a critical role for FXR in the regulation of BSEP expression. Further-

more, a recent report documented four patients from two families with a homozy-

gous loss of FXR exhibiting severe neonatal cholestasis [26].

Besides FXR, several other transcriptional factors regulate BSEP gene expres-

sion. Liver receptor homolog 1 (LRH-1, NR5A2), a transcriptional regulator for the

biosynthesis and transport of cholesterol and bile acids, activates the BSEP pro-

moter [27], and Bsep expression is reduced in LRH-1 knockout mice [28].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is another transcriptional

regulator for BSEP [29]. Nrf2 maintains redox homeostasis by regulating many

phase I and II drug-metabolizing and detoxification enzymes. Nrf2 upregulates

BSEP by binding to musculoaponeurotic fibrosarcoma recognition element

(MARE) 1 in the BSEP promoter. Upregulation of Bsep expression by alpha-

naphthyl isothiocyanate (ANIT) is abrogated in Nrf2-null mice [30].

Recently, Song et al. reported that 17β-estradiol (E2) repressed BSEP expression

through direct interaction with estrogen receptor α (ERα) and FXR in the late stage

of pregnancy [31], implicating a mechanistic role for the E2/ERα/FXR pathway in

intrahepatic cholestasis of pregnancy (ICP).
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2.2.3 BSEP-Associated Diseases

There are two types of hereditary intrahepatic cholestatic disease: progressive

familial intrahepatic cholestasis (PFIC) and benign recurrent intrahepatic cholesta-

sis (BRIC). PFIC patients progress to liver failure and require liver transplantation

in childhood, whereas BRIC patients display intermittent and usually non-

progressive jaundice (reviewed in [32]). PFIC1 and BRIC1 are caused by mutations

in the FIC1 (ATB8B1) gene, which encodes a P-type ATPase functioning as a

flippase for phosphatidylserine, whereas PFIC3 is caused by mutations in theMDR3
gene. PFIC2 and BRIC2 are caused by mutations in BSEP, and more than

150 genetic abnormalities, including missense, nonsense, deletions, insertions,

and splice-site mutations, have been identified [3, 33–36]. Some missense muta-

tions and single nucleotide polymorphisms (SNPs) can cause aberrant pre-mRNA

splicing, resulting in impaired BSEP function [35]. PFIC2 is characterized by

absent or much reduced canalicular BSEP expression [34, 37] as well as a markedly

diminished concentration of biliary bile acid [37].

To elucidate the effects of these mutations and SNPs onBSEP function, a number

of studies have been performed using cell lines expressing a mutated form of BSEP

[38–42]. The BSEP protein harboring a disease-associated missense mutation is

unstable and is degraded in the proteasome [41, 42]. TCA transport activity of BSEP

was analyzed in BSEP-expressing MDCKII cells. The activity of PFIC2 mutants

(D482G, E297G, K461E, G982R, R1153C, R1268Q, and 3767–3768insC) was

0–30% that of wild type, and BRIC2 mutants (A570T and R1050C) exhibited

50–60% wild-type activity [42]. The reduced activity corresponded to the stability

of synthesized BSEP protein. Thus, the difference in the severity of the clinical

phenotype between PFIC2 and BRIC2 may be explained by the differences in

transport activity of BSEP harboring corresponding mutations [41, 42]. Several

patients who had clinical and histopathological characteristics of BRIC progressed

to PFIC [33, 43], suggesting a possible phenotypic progression between BRIC2 and

PFIC2. Furthermore, the E297G mutation, which is responsible for PFIC2, is also

found in BRIC2 patients [33]. Therefore, although the BSEP genotype appears to

play an important role in determining clinical severity, other precipitating factors,

including viral infection and pregnancy, may also participate [33].

Impaired BSEP function as a cause of cholestasis has been suggested for other

congenital diseases. Although the exact molecular mechanism underlying chole-

stasis in PFIC1 is not fully understood, FIC1 deficiency may lead to a loss of

asymmetric phospholipid distribution in the canalicular membrane, decreasing

membrane stability, thereby disturbing the function of transporters including

BSEP [44, 45]. Microvillus inclusion disease (MVID), a hereditary disorder

manifesting intractable diarrhea associated with mutations in the MYO5B gene,

occasionally accompanies PFIC-like cholestasis. Reduced BSEP expression in the

canalicular membrane due to disturbed MYO5B/RAB11A apical recycling endo-

some pathway has been proposed as a molecular mechanism for cholestasis in this

disease [46].
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An association between BSEP SNP and acquired intrahepatic cholestasis

has been reported. The C-allele frequency of BSEP c.1331T>C (p. V444A)

(rs2287622) SNP was higher among patients with ICP (67% in patients versus

54% in controls, P < 0.001) [47]. In a recent comprehensive study, two intronic

SNPs (rs7577650 and rs3815676) were identified as significant risk alleles

associated with ICP. The V444A SNP remained associated with the disease,

but the association was driven by rs7577650 [48], suggesting that the V444A

SNP is not causative. The effect of an amino acid substitution at position 444 on

BSEP function is controversial. Western blot analysis on normal liver tissues

from patients undergoing liver resection revealed that canalicular BSEP expres-

sion was slightly, but not significantly, reduced in individuals carrying the

444A polymorphism [49]. In another study that utilized a bank of human

liver samples, BSEP mRNA, but not protein, expression was significantly

attenuated in individuals with the 444A polymorphism [50]. The bile acid

transport activity of 444A BSEP was not reduced when expressed in Sf9 [51]

and HeLa [50] cells and was slightly reduced by up to 20% in MDCKII

cells [52].

Impaired BSEP function is also involved in drug-induced liver injury; its

severity is associated with dual inhibition of BSEP and mitochondrial function

[53]. The association of BSEP V444A SNP in drug-induced cholestasis has been

reported in European populations (76% in patients versus 57% in controls)

[51]. However, this association was not reproducible among Japanese patients

with drug-induced cholestasis (66% in patients versus 78% in controls) [52]. Further

investigation is necessary to identify underlying causative risk alleles in the differ-

ent populations.

2.2.4 Choleretic Agents

Given that bile acids are the major driving force for bile excretion, drugs that

upregulate or activate BSEP are good candidates to treat intrahepatic cholestasis.

UDCA is one of the drugs most commonly used for hepatobiliary diseases

including PBC, PSC, cholestasis, and cholelithiasis. UDCA exerts a choleretic

effect by targeting BSEP to the canalicular membrane [13, 54–56] via activation

of p38MAPK and a Ca2+-independent protein kinase C (PKC) isoform [13, 55]. In

fact, UDCA administration induced remission at least transiently in children with

PFIC2 by retargeting BSEP to the canalicular membrane [57].

4PBA enhanced the cell surface expression and transport capacity of wild-type

BSEP and BSEP carrying a PFIC2 mutation (E297G and D482G) in MDCKII cells

[58]. Administration of 4PBA also induced canalicular Bsep expression, accompa-

nied by an increase in biliary excretion of TCA in rats [58]. These effects may be

achieved by decreasing short-chain ubiquitination-mediated Bsep degradation [14]
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and by reducing AP2 adaptor complex-mediated clathrin-dependent endocytosis

[11]. In the clinical setting, 4PBA therapy improved liver function tests, liver

histology, and itching in patients with PFIC2 [59, 60] and BRIC2 [61].

2.2.5 Antibody-Induced BSEP Deficiency

Orthotopic liver transplantation usually yields a good outcome in PFIC2

patients. However, since the first case was documented by Keitel et al. [62],

several cases have been reported of PFIC2 children with recurring progressive

intrahepatic cholestasis in the presence of an autoantibody against BSEP after

liver transplantation [63–66]. Generation of a polyclonal antibody to target the

first extracellular loop of BSEP may therefore be responsible for inhibiting BSEP

function [66].

2.3 NTCP

2.3.1 Characteristics

NTCP is a glycoprotein of approximately 38 kDa, consisting of 349 amino acids

[67, 68]. NTCP is localized to the sinusoidal membrane of hepatocytes and func-

tions as an electrogenic sodium-solute cotransporter [69]. Major substrates of

NTCP include glycine- and taurine-conjugated bile acids, but unconjugated and

sulfated bile acids can still be transported to some extent [70–72].

Other sinusoidal transporters, including organic anion transporting polypeptides

(OATP) 1B1 (SLCO1B1) and OATP1B3 (SLCO1B3), are able to transport conju-

gated bile acids in a sodium-independent manner, as well as unconjugated species

[73]. The significance of NTCP in hepatic bile acid uptake is unknown due to a

lack of NTCP-null patients. Recently a case of NTCP deficiency was documented

[74], a 5-year-old girl manifesting conjugated hypercholanemia without any sign

of liver injury. Sequencing of the NTCP gene revealed a single homozygous

nonsynonymous point mutation (c.755G>A, p. R252H). The R252H mutation

resulted in a marked reduction in TCA uptake, along with a lack of plasma

membrane expression when it was expressed in HEK293T cells. This indicates

that NTCP is the major transporter for hepatocellular uptake of conjugated bile

acids. However, serum bile acid concentrations were unexpectedly normal in the

majority of Slc10a1�/� mice [75], suggesting differences in NTCP contribution

among species.
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2.3.2 Transcriptional Regulation

NCTP regulation is important for suppressing further influx of potentially toxic bile

acids into hepatocytes and is repressed in patients with inflammation-induced

cholestasis [76] and advanced PBC [77], as well as in several cholestatic animal

models [78–80]. Although its transcriptional regulation is mediated by bile acids,

hormones such as estrogen and prolactin, and pro-inflammatory cytokines may also

be involved, depending on the species (reviewed in [81]). Bile acids repress NTCP
transcription through FXR activation, which in turn induces small heterodimer

partner (SHP). SHP inhibits NTCP upregulation by competing with coactivators

for binding to hepatocyte nuclear factor 4 alpha (HNF-4α) and RXRα [80] and by

suppressing retinoic acid receptor alpha (RARα) in rats [82] and glucocorticoid

receptor (GR) and peroxisome proliferator-activated receptor-gamma coactivator-1

alpha (PGC-1α) in humans [83]. However, an additional SHP-independent pathway

probably exists, since Ntcp repression was not completely abolished in Shp�/�mice

fed with CA [84].

NTCP expression is also regulated posttranslationally. Insertion of NTCP into

the plasma membrane by cAMP is mediated by the phosphoinositide-3-kinase

signaling pathway [85, 86] and protein phosphatase 2B (PP2B)-induced dephos-

phorylation of NTCP [87]. In contrast, taurochenodeoxycholic acid (TCDCA)

decreases sinusoidal NTCP expression by inducing NTCP endocytosis in a PKC-

and PP2B-dependent manner [88].

2.3.3 NTCP as a Receptor for Hepatitis B and D Virus (HBV
and HDV)

NTCP is attracting much attention as a functional receptor for HBV and HDV

[89]. The large surface protein pre-S1 domain of HBV is a key determinant for

receptor binding. In vitro studies demonstrated that myrcludex B, a myristoylated

lipopeptide derived from the pre-S1 domain, blocked bile acid uptake by NTCP

[90], while taurine or glycine conjugates of CA and UDCA inhibited HBV infection

[13]. CYP7A1, the rate-limiting enzyme that synthesizes bile acids from choles-

terol, was induced in human liver chimeric mice that were infected with HBV or

were given myrcludex B and in liver biopsy samples from HBV-infected patients

[91]. This may be a compensatory response against reduced bile acid uptake by

HBV binding to NTCP. Interestingly, the NTCP variant p. S267F (c.800C>T,

s2296651), which exhibits reduced bile acid transport capacity and has only been

observed among Asians [92], is protective against HBV chronic infection [93] as

well as progression to cirrhosis and hepatocellular carcinoma in patients with

chronic hepatitis B [94].
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2.4 Other Basolateral Bile Acid Transporters

Retrograde bile acid elimination from the basolateral membrane of hepatocytes to

the sinusoid represents a rescue mechanism for avoiding intracellular bile acid

overload. The relevant transporters include OSTα/OSTβ, MRP3 (ABCC3) and

MRP4 (ABCC4).

OSTα comprises 340 amino acids, forms a heterodimer with OSTβ comprising

128 amino acids, and is expressed at the basolateral membrane of ileal enterocytes,

hepatocytes, and cholangiocytes. Co-expression is necessary for stable expression

of OSTα and OSTβ and their delivery to the plasma membrane [95, 96]. In

enterocytes, OSTα/OSTβ is responsible for excreting bile acids into the portal

circulation to achieve enterohepatic circulation under physiological conditions. In

hepatocytes, this transporter is upregulated to transport excess bile acids back to the

sinusoidal compartment in cholestasis. Hepatic OSTα/OSTβ expression was

increased in patients with advanced PBC [97]. Upregulation was also observed in

mice following common bile duct ligation (CBDL) [97], ANIT treatment [98], and

CA feeding [99], which was dependent on FXR [100, 101].

Mrp3 and Mrp4 were upregulated in CBDL mice independently of FXR

[102]. Mrp3�/� mice had normal bile acid transport function [103], whereas Mrp4
�/� mice exhibited an impaired cytoprotective response to CBDL-induced chole-

stasis [104]. MRP4, but not MRP3, was upregulated in patients with PFIC2 and

PFIC3 [105], suggesting that MRP4 plays an important role in the compensatory

reaction to cholestatic liver injury. Regulatory nuclear receptors include constitu-

tive androstane receptor (CAR), pregnane X receptor (PXR) and vitamin D receptor

(VDR) for MRP3, and CAR and peroxisome proliferator-activated receptors α
(PPARα) for MRP4 (reviewed in [81]).

2.5 Bile Acid Transporters in Cholangiocytes

Cholangiocytes play an important role in bile formation by secreting bicarbonate

and water and possess transport systems for the influx and efflux of bile acids.

Unconjugated bile acids possibly enter cholangiocytes via passive diffusion,

whereas conjugated bile acids are absorbed by ASBT [106], which is also expressed

in the terminal ileum to absorb bile acids from the intestinal lumen. Bile acid

secretion from the basolateral membrane into the peribiliary plexus is mediated by

OSTα/OSTβ, MRP3, and a truncated ASBT (t-ASBT) [106–110]. These transport

systems may play a limited role under normal physiological conditions; however,

“cholehepatic shunting” [111], which bypasses enterohepatic circulation along with

bile duct proliferation, may help to reduce bile acid overload in cholestasis due to

bile duct obstruction.
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2.6 Conclusions

In this review, the characteristics and regulatory systems of hepatobiliary bile acid

transporters are presented. Bile acids are among the most essential molecules to

organisms. The majority of bile acids are recycled through the enterohepatic

circulation, and their cellular concentration is tightly regulated by refined feedback

mechanisms. Impaired function of bile acid transporters causes various types of

liver injury and may be responsible for other diseases for which their causality is not

yet known. Nuclear receptors regulating bile acid transporters are attractive thera-

peutic targets, and clinical trials for obeticholic acid are ongoing. Further under-

standing of bile acid transporters will likely lead to new therapeutic options for

intractable liver diseases.
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Chapter 3

Intestinal Digestion and Absorption

Akira Honda, Tadashi Ikegami, and Yasushi Matsuzaki

Abstract Bile acids are planar amphipathic molecules that have a polar and a

nonpolar face. They are the end products of cholesterol metabolism and are called

biological detergents. In the duodenum and upper jejunum, they participate in the

digestion and absorption of lipids, including triacylglycerols, phospholipids, cho-

lesterol, and fat-soluble vitamins. The formation of mixed micelles is the best-

known property of bile acids, and the activation of pancreatic lipases is another

important role. Triacylglycerols account for 90–95% of dietary lipids and are

hydrolyzed to 2-monoacylglycerol and free fatty acids. Conjugated bile acids and

phospholipids form mixed micelles with these hydrolysates of triacylglycerols,

cholesterol, and fat-soluble vitamins. The mixed micelles effectively pass through

the unstirred water layer overlying the microvillus border of the enterocytes, and all

of the nutrients except for the conjugated bile acids are finally taken up by the cells.

Conjugation of bile acids with glycine or taurine maintains water solubility at an

acidic pH and prevents nonionic passive absorption from the proximal small

intestine, which allows bile acids to be absorbed efficiently by an active transport

system at the terminal ileum after the completion of their roles.

Keywords Bile acids • Digestion • Absorption • Triacylglycerols • Phospholipids •

Cholesterol • Fat-soluble vitamins

3.1 Introduction

Bile acids are the end products of cholesterol metabolism and possess a number of

chemical, physiological, and pathophysiological functions. The recent discovery of

nuclear and transmembrane G protein-coupled bile acid receptors has interested

many scientists in the regulation of lipid and carbohydrate metabolism, inflamma-

tion, fibrosis, and carcinogenesis through transcriptional networks and/or signaling

cascades [1]. In contrast to the recent rapid development within these topics, the

A. Honda • T. Ikegami • Y. Matsuzaki (*)

Department of Gastroenterology and Hepatology, Tokyo Medical University Ibaraki Medical

Center, 3-20-1 Chuoh, Ami, Ibaraki 300-0395, Japan

e-mail: ymatsuzaki-gi@umin.ac.jp

© Springer Japan KK 2017

S. Tazuma, H. Takikawa (eds.), Bile Acids in Gastroenterology,
DOI 10.1007/978-4-431-56062-3_3

27

mailto:ymatsuzaki-gi@umin.ac.jp


roles of bile acids in digestion and absorption may be the most basic and historic

subject that has been studied for more than half a century [2–5]. In this review, we

will summarize the progress in our understanding of the mechanisms of digestion

and absorption in the gastrointestinal tract with a particular emphasis on bile acids.

3.2 Bile Acids as Biological Detergents

Bile acids are planar amphipathic molecules having a polar and a nonpolar face

[6]. The polar face contains hydroxyl and carboxyl groups and is water soluble,

while the other face contains two methyl groups and is fat soluble. Thus, bile acids

are called biological detergents. In water or a low salt concentration, bile acids form

smaller micelles relative to classical detergent micelles because of the planar

polarity. However, bile acids also form mixed micelles with a variety of other

soluble and insoluble lipidic substances [7].

In human bile, bile acids are almost completely conjugated with either glycine or

taurine [8] at the carboxyl group of the side chain through an amide bond. The pKa

values of free (unconjugated) bile acids are between 5 and 6.5, while those of

glycine- and taurine-conjugated bile acids are approximately 4 and 2, respectively

[7]. It indicates that amino acid conjugation promotes ionization and increases the

aqueous solubility of bile acids at an acidic pH [9]. Because the postprandial pH of

the duodenum is between 3 and 5 [10], the conjugation allows bile acids to maintain

water solubility to facilitate digestion in the duodenum and upper jejunum. In

addition, the conjugation prevents nonionic passive absorption of bile acids

[11]. Patients with genetic defects in bile acid conjugation experience fat-soluble

vitamin deficiency because of an inability to form mixed micelles due to rapid

nonionic passive absorption of unconjugated bile acids from the proximal small

intestine [12]. Thus, conjugation with glycine or taurine allows bile acids to be

actively absorbed in the terminal ileum after the completion of their roles.

3.3 Digestion and Absorption of Lipids

Typical adult Japanese and American diets contain approximately 54 and 85 g of fat

per day, providing approximately 26% and 35% of the calorie intake of each

individual, respectively [13, 14]. Approximately 90–95% of the dietary lipids are

triacylglycerols (triglycerides) that consist of three fatty acids esterified to a glyc-

erol. Dietary lipids also include phospholipids (predominantly phosphatidylcho-

line), sterols (cholesterol and plant sterols), and other lipids (e.g., fat-soluble

vitamins). Phospholipids (essentially phosphatidylcholine) and cholesterol are

also provided endogenously via the bile. Daily 7–22 g of phospholipids and

approximately 1 g of cholesterol are loaded on the duodenum by biliary secretion,
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while 4–8 g of phospholipids and 200–400 mg of cholesterol per day are of dietary

origin [5, 13, 15].

Digestion and absorption of lipids are complex processes with sequential and

interdependent steps [3]. Emulsification, hydrolysis (lipolysis), and solubilization

(micellization) are intraluminal key steps before the translocation of lipids across

the apical membranes of enterocytes (absorption) [16, 17].

Emulsification mainly takes place in the stomach. A coarse emulsion (chyme) is

produced by antral peristalsis against a closed pylorus, and the squirting of the

antral contents through a partially opened pyloric canal into the duodenum pro-

duces a fine emulsion [5]. In the duodenum, the fine emulsion particles are

generally less than 500 nm in diameter and are extremely stable.

Hydrolysis is carried out enzymatically by preduodenal and pancreatic lipases

(Fig. 3.1). Preduodenal lipases are secreted from the tongue, pharynx, and stomach

depending on the species; humans possess predominantly gastric lipase

[18]. Human gastric lipase hydrolyzes triacylglycerols, but does not hydrolyze

phospholipids or cholesterol ester. It has a pH optimum of 3–6, and conjugated

bile acids inhibit the reaction [19, 20]. Pancreatic triacylglycerol lipase (EC 3.1.1.3)

is secreted into the duodenum with colipase (as a procolipase) and conjugated bile

acids. Most of the dietary triacylglycerols are hydrolyzed by pancreatic

triacylglycerol lipase rather than gastric lipase [18]. This enzyme works at the

interface between oil and water and an optimum pH optimum of 8–9. The presence

Fig. 3.1 Enzymatic hydrolysis and micellar solubilization of dietary lipids. BA conjugated bile

acid, C cholesterol, CE cholesterol ester, DG diacylglycerol, FFA free fatty acid, LPC
lysophosphatidylcholine, MG monoacylglycerol, PC phosphatidylcholine, TG triacylglycerol,

V fat-soluble vitamin, VE fat-soluble vitamin ester
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of conjugated bile acids inhibits the lipase activity, but colipase overcomes the

inhibition with a shift in the pH optimum to 6–7 [21] (see Sect. 3.3.1.1). In general,

pancreatic lipases include phospholipase A2 (EC 3.1.1.4) and carboxyl ester lipase

(EC 3.1.1.13) [16]. The latter is also called pancreatic nonspecific lipase or choles-

terol esterase [5]. Phospholipase A2 preferentially hydrolyzes phospholipids,

whereas carboxyl ester lipase has a wide substrate specificity hydrolyzing choles-

terol esters; tri-, di-, and monoacylglycerols; phospholipids; lysophospholipids;

ceramide; and fat-soluble vitamins [22].

Solubilization of lipids and lipolytic products due to the formation of mixed

micelles is a critical step for the absorption. Conjugated bile acids play a key role

in this process, but polar lipids, including fatty acids and monoglycerides, are also

important to increase the solubility of nonpolar lipids such as cholesterol. In

contrast to emulsion, mixed micelle solution is optically clear. The diameter of

the mixed micelles is 4–5 nm, which means that they have an approximately

100-fold reduced size and 10,000-fold increased surface area relative to the fine

emulsion particle. It is also estimated that one fine emulsion particle can form

approximately 1 � 106 micelles [23]. The unstirred water layer overlying the

microvillus border of the epithelial cells is an intestinal diffusion barrier

(Fig. 3.2). The mixed micelles effectively pass into the intermicrovillous spaces

and are able to reach to the epithelial cells [24]. However, it seems to be an

Fig. 3.2 Micellar solubilization and absorption of lipids in the upper small intestine. ABCG5/
ABCG8 ATP-binding cassette G5 and G8, BA conjugated bile acid, C cholesterol, CD36 cluster

determinant 36, FFA free fatty acid, LPC lysophosphatidylcholine, MG monoacylglycerol,

NPC1L1 Niemann-Pick C1-like 1, PC phosphatidylcholine, SR-BI scavenger receptor class B

type I, V fat-soluble vitamin
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oversimplification to divide the intestinal phase of lipids into an emulsion and

mixed micelles. Under an adequate concentration of bile acids, the lipids are

incorporated into mixed micelles. When the bile acid concentration is relatively

low but still exceeds the critical micellar concentration, large mixed disclike

micelles are formed at approximately 40 nm in diameter. Furthermore, when the

relative bile acid concentration is much lower, this results in the formation of

vesicles (liposomes) with a diameter of approximately 80–120 nm [5]. Because

patients with low upper intestinal bile acid concentration show reasonably good

absorption of lipids [25, 26], vesicles may play an important role in the uptake of

free fatty acids and monoglycerides by enterocytes [5]. However, the relative roles

of the mixed micelles and the vesicles have not been clarified [16].

3.3.1 Triacylglycerols

Most of the triacylglycerols found in food have long-chain fatty acids with 16–18

carbon atoms. However, a small but variable proportion of triacylglycerols contain

fatty acids with only 6–10 carbon atoms and are called medium-chain

triacylglycerols [27]. Because medium-chain triacylglycerols are less hydrophobic

than long-chain triacylglycerols, the processes of digestion and absorption of these

two types of triacylglycerols are somewhat different.

3.3.1.1 Long-Chain Triacylglycerols

The digestion of dietary triacylglycerols begins in the stomach. In addition to

emulsification, gastric lipase hydrolyzes a significant portion of dietary

triacylglycerols. This enzyme hydrolyzes medium-chain triacylglycerols better

than long-chain triacylglycerols [28] and preferentially acts on the sn-3 position

of the triacylglycerols [29] to release diacylglycerols and free fatty acids [19, 20,

30]. The relative contributions of gastric lipase and pancreatic triacylglycerol lipase

to the hydrolysis of dietary triacylglycerols were reported to be approximately 1:3,

and approximately 40% of the hydrolysis by gastric lipase occurred in the

duodenum [31].

In the duodenum and proximal jejunum, the rest of triacylglycerols and

diacylglycerols are hydrolyzed by pancreatic triacylglycerol lipase. This enzyme

works at the oil-water interface of the emulsion. Conjugated bile acids adsorb onto

fat droplets and remove proteins, emulsifiers, and lipolysis products from the lipid

surface [32]. However, only triacylglycerol lipase is not removed from the oil-water

interface and instigates lipolysis because colipase binds a bile-acid-covered

oil-water interface and provides a high-affinity anchor site for triacylglycerol lipase

[5, 21, 32]. Pancreatic triacylglycerol lipase preferentially cleaves the ester bond in

the sn-1 and sn-3 positions of the triacylglycerols at equal rates [29, 33] so that

2-monoacylglycerol and free fatty acids are formed. A part of 2-monoacylglycerol
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is further hydrolyzed into glycerol and a free fatty acid by pancreatic triacylglycerol

lipase either directly or after isomerization to 1-monoacylglycerol [33, 34]. Carboxyl

ester lipase also hydrolyzes the acyl group at the sn-2 position to release glycerol

and free fatty acid [35]. However, 80–90% of dietary glycerides retain their fatty

acid in the sn-2 position during the entire digestion and absorption process [33].

Long-chain triacylglycerols and diacylglycerols are insoluble in aqueous solu-

tion regardless of whether bile acids are present [3]. Therefore, most of these

acylglycerols reside in emulsified oil phase. In contrast, monoacylglycerols and

free fatty acids possess polar groups that make them highly soluble in the presence

of conjugated bile acids to form mixed micelles. The mixed micelles effectively

pass through the unstirred water layer overlying the microvillus border of the

enterocytes, and monoacylglycerols and free fatty acids are finally taken up by

the cells [24].

The mechanisms by which free fatty acids and monoacylglycerols are

translocated into the enterocytes have not been elucidated completely. Cluster

determinant 36 (CD36) or fatty acid translocase (FAT) is known to be a membrane

protein that facilitates cellular uptake of long-chain fatty acids. This protein is also

highly expressed on the luminal surface of enterocytes in the proximal small

intestine [36, 37]. However, CD36-null mice exhibited normal overall absorption

of long-chain fatty acids and impaired chylomicron secretion. These findings

suggest that CD36 plays critical roles for the absorption of long-chain fatty acids

and the formation of chylomicron in the proximal small intestine, but CD36-

independent absorption mechanisms predominate in the distal segments [37]. In

comparison to free fatty acids, studies on intestinal uptake of monoacylglycerols are

limited. An in vitro study using human intestinal Caco-2 cells showed that long-

chain fatty acid and 2-monoacylglycerol were taken up in a saturable and compet-

itive manner. The results suggest that long-chain fatty acids and

2-monoacylglycerol are transported into the enterocyte, at least in part, via a

protein-mediated pathway that is shared by both lipids [38].

3.3.1.2 Medium-Chain Triacylglycerols

Higher concentrations of medium-chain length fatty acids are found in coconut oil

(14%) and palm kernel oil (7%), butter (3%), and fresh cream (2%); cow and breast

milk fat (1–3%) also contain significant amounts of the fatty acids [39]. However,

the ingestion of medium-chain fatty acids is reported to be less than 2% of the total

fatty acid intake in the United States [40].

Gastric lipase and pancreatic triacylglycerol lipase work more efficiently with

medium-chain triacylglycerols than long-chain triacylglycerols. As a consequence,

medium-chain triacylglycerols are absorbed mainly as free fatty acids and glycerol

and only rarely as mono- or diacylglycerols [41]. Because of their smaller molec-

ular size, medium-chain fatty acids and glycerol have greater solubility in water,

and micellization with bile acids is unnecessary. In contrast to long-chain fatty

acids that are resynthesized to triacylglycerol in the enterocytes and follow the
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lymphatic system as chylomicrons, medium-chain fatty acids are bound with

albumin and follow the portal venous system [41].

3.3.2 Phospholipids

Dietary phospholipids are not hydrolyzed by gastric lipase but aid the emulsifica-

tion of dietary fat. Therefore, they are forwarded to the duodenum as a component

of emulsified oil droplets. In contrast, biliary phospholipids (essentially phosphati-

dylcholine) are supplied in mixed micelles along with cholesterol and conjugated

bile acids. In the upper small intestine, dietary phospholipids are redistributed much

in favor of the micellar phase [42].

The digestion of phospholipids is carried out mainly by pancreatic phospholi-

pase A2, but carboxyl ester lipase may contribute to the hydrolysis of phosphati-

dylcholine and lysophosphatidylcholine to some extent [22]. In fact, mice deficient

in phospholipase A2 show no abnormality in dietary phospholipid absorption

[43]. Phospholipase A2 undergoes a substantial increase in the catalytic activity

on binding to the surface of phospholipid membranes or micelles [44] and the

presence of bile acids [45]. However, the enzyme shows a low activity on biliary

phosphatidylcholine because the high bile acid/phosphatidylcholine molar ratio in

native bile presents unfavorable conditions for hydrolysis [46]. Phospholipase A2

preferentially cleaves the ester bond in the sn-2 position of the phospholipids to

yield lysophosphatidylcholine and free fatty acid [47].

Deacylation of lysophosphatidylcholine in the gut lumen is believed to be quite

limited, and lysophosphatidylcholine and free fatty acids are taken up by

enterocytes and resynthesized to phospholipids or triacylglycerols, which follow

the lymphatic system as chylomicrons. The remaining absorbed

lysophosphatidylcholine is hydrolyzed to form glycero-3-phosphorylcholine by

phospholipase A2/lysophospholipase (phospholipase B) [48–50], which is readily

transported via the portal blood for use in the liver [51]. Although specific intestinal

transporters for phosphatidylcholine and lysophosphatidylcholine have not been

identified, lysophosphatidylcholine uptake by enterocytes is much greater than

phosphatidylcholine absorption [52, 53].

3.3.3 Cholesterol and Plant Sterols

Most dietary cholesterol is present in the free form, but 10–15% exists as choles-

terol ester [16]. Gastric lipase does not hydrolyze cholesterol ester; rather, the

hydrolysis is performed by pancreatic carboxyl ester lipase (cholesterol esterase).

In this process, bile acids strongly stimulate the lipase activity [54, 55]. Chemical

modification studies suggest that positive-charged arginine residues in carboxyl

ester lipase are important for its interaction with bile acids [56–59, 22]. In contrast,
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biliary cholesterol is exclusively free form and is secreted as mixed micelles with

phosphatidylcholine and conjugated bile acids. In the proximal small intestine,

dietary cholesterol is initially emulsified with triglycerides in oil droplets, but free

cholesterol originated from the diet is finally incorporated into mixed micelles or

vesicles with biliary cholesterol [60].

In humans, cholesterol absorption is not complete, and the percent of absorption

varies from 15% to 75% [61]. Relative to monoacylglycerols, free fatty acids, and

lysophosphatidylcholine, the aqueous solubility of cholesterol is extremely low.

Therefore, the formation of mixed micelles and vesicles is critically important for

the transport of cholesterol through the unstirred water layer overlying the micro-

villus border of enterocytes. Therefore, intestinal cholesterol absorption is mark-

edly affected by coexisting bile acids, phospholipids, free fatty acids, and plant

sterols.

It has been reported that trihydroxy bile acids more effectively promote choles-

terol absorption than dihydroxy bile acids [62–64], and the size of the cholic acid

pool significantly correlates with cholesterol absorption in patients with liver

cirrhosis [65]. On the other hand, the intestinal uptake of cholesterol was linearly

dependent on micellar cholesterol concentration and was not dependent on the bile

acid concentration [64]. However, taurochenodeoxycholic acid is a better micellar

solubilizer of cholesterol than taurocholic acid, although the latter is a better

promoter of cholesterol absorption [66–68]. In addition, when cholesterol was

completely solubilized in micelles with a nontoxic nonionic detergent, Pluronic

F68, cholesterol was not taken up by enterocytes [64]. These results suggest that not

only the solubilization capacity but also the interaction between micelle and

acceptor (transporter) serves as determinants of the absorption efficiency of

cholesterol.

There are at least four transporters that are key players in the control of

cholesterol absorption from the intestine. Niemann-Pick C1-like 1 (NPC1L1) is a

major cholesterol uptake transporter [69], while scavenger receptor class B type I

(SR-BI) also plays a role in cholesterol uptake to a lesser extent [70, 71]. On the

other hand, ATP-binding cassette (ABC) proteins ABCG5 and ABCG8 are choles-

terol efflux transporters [72]. Although little is known about the direct effects of bile

acids on intestinal NPC1L1 and SR-BI activities, ABCG5-/ABCG8-specific cho-

lesterol efflux is stimulated by bile acids in cell models [73, 74]. ABCG5/ABCG8

transfers cholesterol in an ATP-dependent manner, and the hydrolysis of ATP is

stimulated by bile acids [75]. It has been suggested that bile acids may promote an

active conformation of ABCG5/ABCG8 either by global stabilization of the trans-

porter or by binding to a specific site on ABCG5/ABCG8. Furthermore, CD36 may

also play a role in cholesterol uptake. Overexpression of CD36 enhanced choles-

terol uptake from micellar substrates in COS-7 cells [76]. Conversely, CD36-null

mice showed significant reduced cholesterol transport from the intestinal lumen to

the lymphatic system [77]. However, its absence was not sufficient to cause an

overall reduction in intestinal cholesterol uptake.

Although phospholipids are essential molecules for the effective solubilization

of cholesterol in the bile and intestine, excess phospholipids cause the suppression
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of cholesterol absorption. There are at least three possible mechanisms [15]. First,

excess phospholipids may interfere with efficient hydrolysis of micellar phospho-

lipids, which is a prerequisite for efficient mucosal uptake of cholesterol. Second,

surplus phospholipids may alter the physicochemical properties of mixed micelles

resulting in reduced absorption of cholesterol. Third, phospholipids may act on the

membrane characteristics of enterocytes or have a direct effect on cellular choles-

terol transporters. Free fatty acids may also affect intestinal cholesterol absorption.

Mixed micelles containing medium-chain fatty acids have a reduced solubilizing

capacity for cholesterol relative to those containing long-chain fatty acids [78].

Food of a plant origin includes plant sterols that are structurally related to

cholesterol but differ from cholesterol only in their unsaturation level and/or side-

chain configuration [76]. Typical Western diets contain approximately 300 mg of

plant sterols per day [79, 80], but the absorption percentage of plant sterols is less

than 2% in humans [81], which is considerably lower than that of cholesterol

(15–75%). Plant sterols transported into enterocytes with cholesterol via NPC1L1

are pumped back to the lumen via ABCG5/ABCG8, whereas a significant propor-

tion of the internalized cholesterol is esterified and incorporated into chylomicrons

[82, 83]. Plant sterols are known to inhibit cholesterol absorption, but the mecha-

nisms are not fully understood. Because the digestion process of plant sterols and

cholesterol is virtually the same, it has been suggested that plant sterols compete

with intestinal cholesterol for incorporation into mixed micelles [84, 85], but other

possible mechanisms have also been proposed [86].

3.3.4 Fat-Soluble Vitamins

Because vitamins A, D, E, and K are fat soluble, micelle formation is required for

intestinal absorption. Vitamins A, D, and E have hydroxyl groups that can be

esterified with fatty acid, and pancreatic carboxyl ester lipase catalyzes the hydro-

lysis under the presence of bile acids [35]. While most dietary vitamin E (tocoph-

erol and tocotrienol) is in the free form, vitamin A (retinol) is often esterified and

must be hydrolyzed to retinol and fatty acid before absorption [22, 87]. Except for

carboxyl ester lipase, pancreatic triacylglycerol lipase and intestinal phospholipase

B also contribute to the hydrolysis of retinyl esters [22]. Free retinol is then

incorporated with other lipids into the mixed micelles, passes through the unstirred

water layer, and is taken up by enterocytes [87]. Although the intestinal retinol-

specific transporter has not been clarified, stimulated by retinoic acid 6 (STRA6)

[88] and retinol-binding protein 4-receptor 2 (RBPR2) [89] are candidate proteins.

Micelle formation is also required for the absorption of vitamins E, D, and K

[12, 90]. It has been reported that intestinal cholesterol transporters, NPC1L1 and

SR-BI, play a role in the uptake of micellar vitamin E [91, 92]. However, recent

report suggests that additional intestinal transporters are also involved in the uptake

of vitamin E [93]. In addition, there are reports that both SR-BI and CD36

contribute to the intestinal absorption of vitamins D [94] and K [95].
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3.4 Protein Digestion

In addition to promoting lipid digestion and absorption, conjugated bile acids also

bind to dietary proteins in the small intestine. The binding of bile acids denatures

the protein and dramatically enhances the proteolysis by pancreatic proteases

[96]. The effect was most pronounced in the presence of dihydroxy bile acids and

was observed at concentrations below the critical micellar concentration.

3.5 Absorption of Polyvalent Metals

Polyvalent metals such as calcium (Ca2+) and iron (Fe2+) are poorly soluble at the

intestinal pH. However, premicellar concentrations of taurocholic acid solubilize

calcium [97] and iron [98, 99] in the proximal small intestine and promote their

absorption. The mechanism of solubilization is explained by high-affinity binding

of these polyvalent cations to the interposition between terminal carboxyl and 7- or

12-hydroxyl groups of the steroid ring of taurocholic acid. Taurodehydrocholic

acid, lacking ring hydroxyl groups, did not bind either cation with a high affinity

and did not promote their absorption [100].

3.6 Conclusions

In the duodenum and upper jejunum, the conjugated bile acids facilitate lipolysis by

pancreatic lipases and formation of mixed micelles with phospholipids, lipolytic

products of triacylglycerols (2-monoacylglycerols and free fatty acids), cholesterol,

and fat-soluble vitamins. The mixed micelles can effectively approach the

enterocytes, and each nutrient is finally taken up by the cells primarily by

protein-mediated processes. Conjugated bile acids also promote digestion of pro-

teins and absorption of polyvalent metals, such as calcium and iron. In addition to

these direct effects on digestion and absorption, duodenal conjugated bile acids are

known to inhibit the release of cholecystokinin [101] and motilin [102], which

modulate contractions of the gallbladder and indirectly control digestion and

absorption. Conjugated bile acids maintain water solubility at an acidic pH in the

upper small intestine and are not absorbed together with the solubilized lipids,

which allows for efficient active absorption of bile acids from the terminal ileum

after the completion of their roles.
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Chapter 4

Nuclear Receptor Regulation

Makoto Makishima

Abstract Bile acids are essential for the intestinal digestion and absorption of

lipid-soluble nutrients. Bile acids, which are synthesized from cholesterol in the

liver, have been identified as signaling molecules that act as ligands for nuclear

receptors, farnesoid X receptor (FXR), pregnane X receptor (PXR), and vitamin D

receptor (VDR). FXR is activated by chenodeoxycholic acid, deoxycholic acid,

lithocholic acid, cholic acid, and their taurine and glycine conjugates and regulates

bile acid synthesis and enterohepatic circulation. PXR and VDR respond to the

secondary bile acids, such as lithocholic acid or deoxycholic acid, and stimulate

xenobiotic metabolism of bile acids. The oxysterol receptor liver X receptor-α and

the orphan nuclear receptors short heterodimeric partner, liver receptor homolog-1,

and hepatocyte nuclear factor 4α are also involved in regulation of bile acid meta-

bolism. These nuclear receptors regulate various physiological processes other than

bile acid metabolism, such as glucose and lipid metabolism, cellular growth and

differentiation, and immunity. Bile acid metabolism by intestinal microflora modu-

lates nuclear receptor function in host cells. Bile acid-activated G protein-coupled

receptors have also been identified. Bile acids may play a role in various physio-

logical mechanisms by binding to cellular receptors as “prototypes” of steroid

hormones.

Keywords Farnesoid X receptor • Pregnane X receptor • Vitamin D receptor •

Transcription • Regulation

4.1 Nuclear Receptors

Transcription factors of the nuclear receptor superfamily regulate numerous bio-

logical processes including cell growth and differentiation, embryonic develop-

ment, endocrine regulation, and metabolic homeostasis [1, 2]. Forty-eight nuclear

receptors have been identified in human, while there are 49 receptors in the mouse
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genome. Nuclear receptors are classified into three groups based on their ligand-

responding characteristics. The first group consists of nuclear receptors for steroid

hormones, such as estrogen, progesterone, androgen, glucocorticoid, and mineral-

ocorticoid, which act as homodimers and mediate endocrine signals. The second

group includes metabolic sensors, which were initially identified as orphan recep-

tors [1, 3]. This class of receptors form heterodimers with retinoid X receptor

(RXR; NR2B) and are activated by retinoic acid, vitamin D, thyroid hormone,

bile acids, oxysterols, fatty acids, and xenobiotics. Among this group of receptors,

liver X receptor-α (LXRα; NR1H3), farnesoid X receptor (FXR; NR1H4), pregnane

X receptor (PXR; NR1I2), constitutive androstane receptor (CAR; NR1I3), and

vitamin D receptor (VDR; NR1I1) regulate bile acid metabolism by sensing the

metabolic environment [4, 5] (Fig. 4.1). The third group includes orphan receptors

that have no known physiological ligands or may be regulated by ligand-

independent mechanisms. In this group, short heterodimeric partner (SHP;

NR0B2), liver receptor homolog-1 (LRH-1; NR5A2), and hepatocyte nuclear factor

4α (HNF4α; NR2A1) are involved in regulation of bile acid metabolism [4]

(Fig. 4.1). SHP is an unusual nuclear receptor that lacks a DNA-binding domain

[5]. Although phospholipids and fatty acids have been reported to bind to LRH-1

and HNF4α, respectively, the physiological relevance of these interactions remains

unclear [6].

Nuclear receptors, including LXR, FXR, PXR, CAR, and VDR, have a structure

comprised of an activation function 1 (AF1) region, a DNA-binding region with a

C4-type zinc finger structure, a hinge region, and a ligand-binding domain

containing an AF2 region [3]. Ligand binding alters the AF2 surface, leading to

dissociation of a corepressor complex and recruitment of a coactivator complex

[7]. These structural rearrangements allow the receptors to induce transcription of

specific target genes. Nuclear receptors also exhibit transrepression effects and

non-genomic actions through poorly characterized mechanisms. Both steroid hor-

mones and bile acids are steroid compounds synthesized from cholesterol and act as

ligands of nuclear receptors. Bile acids are essential factors for the ingestion and

intestinal absorption of hydrophobic nutrients, such as cholesterol, fatty acids, and

lipid-soluble vitamins, including vitamin D [8], and act as “prototypes” of steroid

hormones by binding to nuclear receptors.

4.2 Bile Acid Metabolism

Primary bile acids, such as cholic acid (CA) and chenodeoxycholic acid (CDCA),

are generated from cholesterol in the liver and are secreted in bile as glycine and

taurine conjugates (in humans; glyco-CA, tauro-CA (TCA), glyco-CDCA, and

tauro-CDCA (TCDCA)) [9, 10]. The synthesis of bile acids is mediated by at

least 16 enzymes. The first step for cholesterol catabolism is initiated by one of

two mechanisms, the classic pathway and the alternate pathway [9] (Fig. 4.2). In the

classic pathway, cholesterol is converted to 7α-hydroxycholesterol by cholesterol
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Fig. 4.1 Nuclear receptors regulate bile acid metabolism. Nuclear receptors that regulate expres-

sion of genes involved in bile acid metabolism are shown. FXR, PXR, and VDR respond to bile

acids. SHP does not have a DNA-binding domain and represses expression of CYP7A1 and

CYP8B1 as a corepressor. FXR, PXR, and VDR repress expression of CYP7A1, CYP8B1, or

NTCP through indirect mechanisms
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7α-hydroxylase (CYP7A1), a microsomal P450 enzyme. In humans, the

classical pathway accounts for more than 50% of total bile acid production. In the

alternate pathway, cholesterol is converted to 25-hydroxycholesterol and

27-hydroxycholesterol prior to being 7α-hydroxylated by oxysterol 7α-hydroxylase
(CYP7B1). CYP27A1 hydroxylates cholesterol to 27-hydroxycholesterol and, to a

lesser extent, 25-hydroxycholesterol, while a non-P450 enzyme, cholesterol

25-hydroxylase, produces 25-hydroxycholesterol. The alternate pathway is thought

to produce less than 10% of the total bile acids under physiological conditions.

The initial step of 7α-hydroxylation of sterol precursors is followed by modifi-

cation of ring structures, side chain oxidation, and conjugation with taurine or

Fig. 4.2 Bile acid synthesis, enterohepatic circulation, and catabolism through the xenobiotic

metabolic pathway. Nuclear receptor target gene products involved in bile acid metabolism are

shown. Primary bile acids are synthesized by several enzymes, including CYP7A1 and CYP8B1,

in the liver. Conjugated bile acids are secreted into bile via the canalicular transporter BSEP. Most

bile acids are reabsorbed in the intestine, which expresses transporters, ASBT and OSTα–OSTβ,
and an intracellular binding protein, I-BABP, and enter the enterohepatic circulation via portal

circulation and hepatic uptake via NTCP and OATPs. Bile acids that escape reabsorption are

converted to the secondary bile acids by intestinal bacteria. These bile acids are detoxified by

CYP3A4 and SULT2A1. PAPSS2 provides the sulfate donor PAPS to SULT2A1. Hepatocytes can

dispose bile acids through xenobiotic metabolism enzymes, such as CYP3A4 and SULT2A1, and

basolateral transporters, MRP3, MRP4, and OSTα–OSTβ, leading to excretion into urine via renal
transporters, MRP2, MRP4, and OSTα–OSTβ. FGF15/FGF19 is a hormone that regulates bile acid

synthesis
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glycine. The ring structure modification catalyzed by sterol 12α-hydroxylase
(CYP8B1) finally produces CA, while the CYP8B1-independent pathway results

in CDCA. CYP27A1, an enzyme that is involved in the alternate pathway, is also

involved in the side chain oxidation of all intermediates regardless of their source.

Oxidation by CYP27A1 is followed by side chain shortening and finally conju-

gation with taurine or glycine. In mice, CDCA is converted to α-muricholic acid

(αMCA) and βMCA by unknown mechanisms.

Conjugated primary bile acids are secreted into the bile via the bile salt export

pump (BSEP; ABCB11), an ATP-binding cassette (ABC) transporter that is local-

ized in the canalicular membrane of hepatocytes [11] (Fig. 4.2). As the major

components in bile, bile acids solubilize dietary lipids and promote their digestion

and absorption in the small intestine. About 90–95% of conjugated bile acids are

reabsorbed in the intestine and recirculate to the liver through the portal vein in a

mechanism called the enterohepatic circulation. Less than 5% of bile acids escape

reabsorption and are subjected to deconjugation, 7α-dehydroxylation, and other

modifications by intestinal microflora, yielding the secondary bile acids, such as

deoxycholic acid (DCA) and lithocholic acid (LCA) [12]. A portion of the second-

ary bile acids can enter the enterohepatic circulation from the ileum and colon and

enter the bile acid pool. Because taurine conjugation is predominant in rodents, the

major bile acids in mouse bile are TCA, tauro-αMCA (TαMCA), TβMCA, TDCA,

and TωMCA [13, 14]. Ursodeoxycholic acid (UDCA) is generated from CDCA by

intestinal bacteria [12, 15]. Interestingly, UDCA and tauro-UDCA (TUDCA)

concentrations are higher in germ-free mice than in conventional mice, suggesting

the presence of UDCA-generating enzyme(s) in mouse hepatocytes [14, 16].

Intestinal bile acid reabsorption is mainly mediated by the apical sodium-

dependent bile salt transporter (ASBT; SLC10A2) expressed in the terminal

ileum [11] (Fig. 4.2). Intracellular bile acids are bound to the intestinal bile acid-

binding protein (I-BABP), then shuttled to the basolateral membrane, and effluxed

into the portal circulation via the heterodimer organic solute transporter-α (OSTα)
and OSTβ [4, 17]. The majority of circulating bile acids are taken up by hepatocytes

via the Na+/taurocholate-cotransporting polypeptide (NTCP; SLC10A1) and

organic anion-transporting polypeptides (OATPs). In addition to canalicular excre-

tion by BSEP, the basolateral (sinusoidal) transporters multidrug resistance-

associated protein 3 (MRP3), MRP4, and OSTα�OSTβ play a role in the alter-

native excretion of bile acids from hepatocytes into the systemic circulation. Renal

MRP2, MRP4, and OSTα�OSTβ are thought to be involved in urinary bile acid

excretion [18, 19].

4.3 LXR and FXR

Bile acids have been identified as regulatory signaling molecules for the transcrip-

tion of genes involved in their synthesis (e.g., CYP7A1, CYP8B1) and transport

(e.g., BSEP, NTCP). LXRα, originally identified as an orphan receptor, is activated
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by oxysterol intermediates in the bile acid synthetic pathway, such as 7-

α-hydroxycholesterol, 25-hydroxychoelsterol, and 27-hydroxycholesterol, while

the more potent oxysterol for LXRα, 24(S),25-epoxycholsterol, is derived in a

shunt pathway of cholesterol biosynthesis [20, 21]. Oxysterol-activated LXRα
induces the transcription of mouse Cyp7a1, the rate-limiting enzyme in the classic

pathway of bile acid synthesis by binding to a specific promoter element that

consists of a two-hexanucleotide (AGGTCA or a related sequence) direct repeat

motif separated by four nucleotides (direct repeat 4; DR4) [22] (Fig. 4.1). The ABC

transporters ABCG5 and ABCG8, which mediate biliary excretion of cholesterol,

are also induced by LXRα activation. A high cholesterol diet increases bile acid

pool size in wild-type mice but not in LXRα-null mice [21]. Thus, LXRα plays a

role in the feed-forward induction of bile acid synthesis in rodents. The expression

of the human CYP7A1 gene is not regulated by LXRα due to an alternate sequence

in the DR4 element [23].

LXRα acts as an RXR heterodimer, which can be activated by ligands for either

LXRα or RXR [3]. According to this characteristic of the LXRα�RXR

heterodimer, it had been predicted that treatment of mice with an RXR agonist

could increase hepatic Cyp7a1 expression. Surprisingly, contrary to this prediction,
RXR agonist treatment decreases Cyp7a1 expression in both wild-type and LXR-

α-null mice [24]. This finding led to the hypothesis that a distinct RXR

heterodimeric partner might respond to bile acids, since bile acids have been

known to induce feedback regulation in their synthesis by repressing Cyp7a1
expression [9]. Indeed, FXR was found to function as a bile acid receptor

[25]. FXR was originally characterized as an orphan receptor that is weakly

activated by farnesol, an intermediate in cholesterol synthesis, and juvenile hor-

mone III, an insect hormone [26]. FXR belongs to the NR1H nuclear receptor

subfamily along with LXRα; is expressed in the liver, intestine, kidney, and adrenal
gland; and recognizes a two-hexanucleotide (AGGTCA or a related sequence)

inverted repeat motif with one spacer nucleotide (inverted repeat 1; IR1) as an

RXR heterodimer [5]. FXR is activated by both primary and secondary bile acids in

their free and conjugated forms with relative potency CDCA>DCA¼ LCA> CA,

but not by αMCA, βMCA, or UDCA [25, 27, 28] (Fig. 4.1). LCA, UDCA, TαMCA,

and TβMCA have been reported to act as FXR antagonists [16, 29–31].

FXR regulates the synthesis and enterohepatic circulation of bile acids by both

direct and indirect mechanisms [4, 32]. The orphan nuclear receptors HNF4α and

LRH-1 are involved in transcription of the bile acid synthetic enzymes CYP7A1

and CYP8B1 [4, 33, 34] (Fig. 4.1). FXR represses the expression of CYP7A1 and

CYP8B1 by inducing the transcriptional repressor SHP [35–38]. FXR appears to

also repress expression of CYP7A1 and CYP8B1 via a SHP-independent mecha-

nism, because significant Cyp7a1 and Cyp8b1 repression is retained in SHP-null

mice fed cholic acid [38]. FXR induces the expression of fibroblast growth factor

19 (FGF19; or FGF15, the mouse ortholog of human FGF19) in enterocytes.

FGF15/19 represses the expression of CYP7A1 by binding to a heterodimeric

receptor composed of FGF receptor 4 and β-Klotho in hepatocytes through both

SHP-dependent and -independent mechanisms [34, 39–41]. There are IR1 elements
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identified in human SHP and FGF19 genes [35, 42]. Thus, FXR activation sup-

presses bile acid synthesis through multiple mechanisms.

The hepatic bile acid transport system is also regulated by FXR. The basolateral

transporter NTCP is negatively regulated by FXR through a SHP-mediated mech-

anism [37, 43], while its expression is induced by retinoic acid receptor and HNF4α
[44, 45] (Fig. 4.1). The canalicular transporter BSEP is induced by FXR activation

[37]. Human BSEP contains an IR1 element in the promoter [46]. FXR activation

by a synthetic ligand protects hepatocytes from cholestatic liver damage by

repressing bile acid synthesis and hepatocellular uptake and stimulating bile acid

export from cells [47]. Despite this finding, FXR-null mice exhibit resistance to

obstructive cholestasis [48]. FXR deletion protects hepatocytes by facilitating bile

acid export into blood and renal excretion via a compensatory mechanism such as

PXR activation. These findings suggest that protection of hepatocytes from chole-

static damage by FXR activation requires sufficient bile flow. FXR also induces the

sinusoidal bile acid transporters OSTα and OSTβ [49], while PXR is involved in

expression of MRP3 in mice [50]. FXR-null mice exhibit reduced fecal bile acid

excretion as well as dysregulated bile acid synthesis [37]. Although FXR�RXR has

been reported to bind to an everted repeat motif with 8-nucleotide spacer called

ER-8 in the rat Mrp2 promoter [51], FXR deletion does not change Mrp2 expres-

sion in mice [52]. Multidrug resistance protein 3 MDR3 (ABCB4; corresponding to

the murine MDR2), which is involved in phosphatidylcholine transport through the

canalicular membrane, is induced by FXR through its binding to an IR1 element in

the promoter [53, 54]. The cholesterol transporters ABCG5 and ABCG8 are also

induced by cholic acid treatment of mice in an FXR-dependent manner [55].

FXR activation induces the bile acid transporter OSTα–OSTβ in the intestine

and kidney [49] (Fig. 4.1). The intestinal intracellular bile acid-binding protein

I-BABP is also a FXR target gene [25, 56]. IR1 elements have been identified in the

promoters of these human genes [49, 56]. In contrast to the hepatic phenotype,

FXR-null mice have efficient intestinal absorption of bile acids [52]. The physio-

logical role of FXR in intestinal bile acid absorption remains to be elucidated.

Studies using pharmacological FXR activation and FXR-null mice have shown

that FXR regulates triglyceride, cholesterol, and carbohydrate metabolism [4, 5,

32]. FXR deletion in mice has been reported to induce both increased and decreased

glucose tolerance [57, 58]. FXR activation increases expression of genes involved

in gluconeogenesis in hepatocytes [59], supporting the role of FXR in decreasing

glucose tolerance. Recently, intestinal microflora have been found to play a role in

energy metabolism through bile acid metabolism [16, 31]. Compared to conven-

tionally raised mice, germ-free mice have decreased expression of the FXR targets

Shp and Fgf15 in the distal ileum [16]. Germ-free mice have decreased secondary

bile acids and increased TαMCA and TβMCA, which act as FXR antagonists, and

show increased glucose tolerance, a similar phenotype to intestine-specific

FXR-knockout mice [31]. Intestinal FXR-null mice are also resistant to diet-

induced obesity. It is unknown how intestinal FXR antagonism or deletion induces

metabolic effects. Bile acids have bacteriostatic effects and also protect the
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intestine from bacterial invasion through an FXR-dependent mechanism [60]. Thus,

there are reciprocal interactions between host and bacteria through FXR regulation.

FXR exhibits immune modulatory action through a transrepression mechanism

[61]. FXR agonist treatment attenuates inflammation in mouse models of hepatitis

and colitis [61, 62]. The physiological relevance of bile acid in these FXR functions

remains unclear. Elevated bile acid levels after partial hepatectomy accelerate liver

regeneration in an FXR-dependent manner [63]. FXR activates the forkhead box

M1 transcription factor, a cell cycle regulator controlling the G1/S and G2/M

transitions, through binding to an IR0 element located in an intron of its gene

[64]. The FGF15 signaling pathway induced by intestinal FXR activation is also

involved in liver regeneration [65].

4.4 PXR, CAR, and VDR

PXR, CAR, and VDR belong to the NR1I nuclear receptor subfamily [1, 2]. PXR

can respond to numerous structurally diverse compounds, including drugs, envi-

ronmental contaminants, and bile acids, induces expression of transporters and

enzymes involved in xenobiotic metabolism, and plays an important role in the

detoxification and clearance of xenobiotics [4, 5, 66] (Fig. 4.1). PXR is activated by

bile acids in potency order: 3-keto-LCA > LCA > DCA ¼ CA [67, 68]. PXR

activation represses expression of the bile acid synthetic genes, CYP7A1 and

CYP8B1, without inducing SHP expression [69, 70]. PXR agonist treatment

increases Cyp7a1 expression in wild-type mice but not in PXR-null mice

[68]. PXR induces expression of human FGF19 and mouse Fgf15 genes [71],

suggesting that FGF15/19 signaling plays a role in hepatic CYP7A1 suppression

by PXR. PXR agonist treatment enhances bile acid detoxification by inducing the

import transporter Oatp1a4 (Slco1a4; also called Oatp2), the detoxifying enzyme

Cyp3a11, and the basolateral export transporter Mrp3 in the liver, leading to

decreased serum bile acids and increased urinary bile acid excretion [50, 68, 72]

(Fig. 4.2). CYP3A4, a human ortholog of mouse CYP3A11, is involved in the

metabolism of 50–60% of pharmaceuticals as well as natural compounds such as

steroids and herbal supplements [73]. CYP3A4 metabolizes LCA to 3-keto-LCA by

3-oxidation and hyodeoxycholic acid by 6α-hydroxylation [67, 74]. 3-Keto-LCA is

a more potent PXR ligand than LCA, an interaction that enhances xenobiotic

metabolism. PXR-binding elements have been identified in the CYP3A4 and

OATP1B1 (SLCO1B1) promoters [75, 76]. Sulfation of LCA is mediated primarily

by dehydroepiandrosterone sulfotransferase 2 (SULT2), which requires 3-
0-phosphoadenosine-50-phosphosulfate (PAPS) as a donor molecule. The expres-

sion of Sult2 and PAPS synthase 2 (Papss2) is induced by PXR [77]. PXR is a

candidate drug target for the treatment of cholestasis.

CAR is a nuclear receptor that regulates the transcription of genes involved in

xenobiotic metabolism, cooperatively with PXR, and is abundantly expressed in the

liver and intestine [78]. Although there is no evidence to date that endogenous bile
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acids are ligands for CAR, CAR has been shown to regulate bile acid metabolism

(Fig. 4.1). CAR activation induces Cyp3a11 expression in PXR/FXR double

knockout mice fed cholic acid [79]. Comparison of PXR-null mice, CAR-null

mice, and PXR/CAR double knockout mice shows that CAR predominantly medi-

ates induction of Cyp3a11 andMrp3, while PXR is the major regulator of Oatp1a4
[80]. CAR is also involved in the induction of Sult2a, Papss2, andMrp4 [81, 82]. In
a bile duct ligation model of cholestasis, hepatic damage is increased in both

PXR-null mice and CAR-null mice. PXR and CAR are required for elimination

of toxic bile acids. Although these receptors have been reported to be involved in

regulation of glucose and lipid metabolism [33], the role of bile acid signaling

remains unknown.

VDR has been identified as a receptor for 1α,25-dihydroxyvitamin D3 (1,25

(OH)2D3), the active form of vitamin D [33]. The secosteroid vitamin D3 is

synthesized from 7-dehydrocholesterol through a photochemical reaction induced

by sunlight exposure. Vitamin D3 is hydroxylated at the 25-position by CYP2R1

and CYP27A1 to yield 25-hydroxyvitamin D3 in the liver. CYP27A1 is a key

enzyme in the alternate bile acid synthetic pathway and in side chain oxidation

[9]. 25-Hydroxyvitamin D3 is further hydroxylated at the 1α-position by CYP27B1
to yield the active metabolite 1,25(OH)2D3 in the kidney [33]. The 1-

α-hydroxylation reaction is tightly regulated positively by parathyroid hormone

and negatively by FGF23 and 1,25(OH)2D3. VDR activation induces feedback

regulation by repressing CYP27B1 transcription through a poorly characterized

mechanism. 1,25(OH)2D3 is also synthesized in extrarenal cells and tissues, such

as macrophages. Dietary vitamin D2 and vitamin D3 are activated by the same

processes, including hepatic 25-hydroxylation and renal 1α-hydroxylation. 1,25
(OH)2D2 activates VDR as well as 1,25(OH)2D3 and has a different catabolic

pathway than 1,25(OH)2D3. The VDR�RXR heterodimer binds preferentially to

a two-hexanucleotide (AGGTCA or a related sequence) direct repeat motif sepa-

rated by three nucleotides (DR3). Everted repeat elements separated by six, seven,

eight, or nine nucleotides (ER6, ER7, ER8, or ER9) have also been identified as

vitamin D response elements in genes including CYP3A4 [83, 84]. Pharmacological

experiments using 1,25(OH)2D3 and its derivatives and animal studies using

VDR-null mice have demonstrated that VDR regulates many physiological pro-

cesses, including cellular growth and differentiation, hair cycle, immunity, cardio-

vascular function, lipid and xenobiotic metabolism, and neuronal function as well

as bone and calcium metabolism [85, 86]. An understanding of VDR regulation of

bile acid metabolism has been emerging since the discovery that VDR is activated

by the secondary bile acid LCA and more effectively by 3-keto-LCA [87] (Fig. 4.1).

Because CYP3A4 metabolizes LCA to 3-keto-LCA by 3-oxidation and

hyodeoxycholic acid by 6α-hydroxylation [67, 74], LCA-activated VDR induces

both enhanced VDR activation by 3-keto-LCA and detoxification to

hyodeoxycholic acid, a mechanism similar to PXR (Fig. 4.2). Vitamin D signaling

can induce this LCA detoxification mechanism [87]. Intestine-specific VDR knock-

out mice show increased contents of TCA and TDCA in the liver homogenate, a

phenotype reversed by CYP3A4 transgene expression [88]. VDR also induces
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expression of other xenobiotic metabolism enzymes, such as MRP2, MRP3, MRP4,

and SULT2A1 [89–91]. 1,25(OH)2D3 treatment does not induce hepatocyte target

gene expression due to low VDR expression [92], suggesting a limited role of VDR

in bile acid metabolism in the liver. Pharmacological activation of VDR enhances

urinary excretion of bile acid by increasing the expression of bile acid transporters,

such as MRP4, in the kidney [93] (Fig. 4.2) and does not alter bile acid accumu-

lation in bile duct-ligated mice, but represses proinflammatory cytokine expression

[94]. Interestingly, VDR ligand treatment represses hepatic Cyp7a1 expression in

an FGF15-dependent mechanism, because Fgf15 is a VDR target gene [95]. In

contrast, repeated administration of 1α-hydroxyvitamin D3, which is rapidly

converted to 1,25(OH)2D3 in mice, increases Cyp7a1 expression [93]. This may

be due to decreased bile acid pool sizes and subsequent relief from bile acid-

induced suppression. Thus, VDR is involved in regulation of bile acid metabolism

mainly in the intestine and kidney.

Apart from the direct effect on vitamin D absorption, a physiologic link

connecting bile acids and calcium metabolism has not been demonstrated.

LCA-derived ligands may exhibit selective non-calcemic VDR activity. Crystal

structures of rat VDR with LCA and its derivatives show that they bind to the

VDR�LBP with an orientation opposite to that of 1,25(OH)2D3 in both horizontal

and vertical planes [33, 96]. The side chain carboxyl group is directed toward the

β-turn side, the A ring faces helix 12, and the β-face of the steroid is directed toward
helix 7 in the bottom of the ligand-binding pocket. The crystal structure of zebrafish

VDR with LCA reveals the binding of two LCA molecules [97]. While one LCA

binds to the canonical LBP, the second one is anchored to a site located on the VDR

surface and is suggested to promote stabilization of the active conformation. LCA

acetate and LCA propionate are more potent VDR agonists than LCA and can

induce differentiation of myeloid leukemia cells, a useful cellular assay for phar-

macological effects of 1,25(OH)2D3 and its derivatives [98, 99]. Administration of

LCA acetate or LCA propionate to mice effectively induces tissue VDR activation

without causing hypercalcemia [99]. Intestine-specific VDR deletion induces a

change in the intestinal microbial flora and increases susceptibility to colitis in a

mouse model of inflammatory bowel disease [100]. LCA can substitute for vitamin

D in elevating serum calcium levels, mobilizing calcium from bone, and inducing

expression in the kidney of the VDR target gene CYP24A1 only in vitamin

D-deficient rats [101]. The VDRs of non-mammalian species, such as lamprey,

zebrafish, and Xenopus laevis, are insensitive to bile acids and bile alcohols

[13]. The ability of VDR to respond to LCA may be a more recent evolutionary

development, occurring after appearance of the synthetic pathway of CDCA in

hepatocytes and its conversion to LCA in bacteria. LCA may be involved in

selective VDR functions, such as regulation of intestinal microbial colonization.
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4.5 Other Receptors

UDCA is used in the treatment of cholestatic disease, such as primary biliary cir-

rhosis [102]. Glucocorticoid receptor (GR; NR3C1) responds to UDCA in a ligand-

independent way [103]. Although it remains unclear whether GR mediates the

pharmacological action of UDCA, the combination of UDCA and a FXR or PXR

activator may be useful in the treatment of cholestasis. Bile acid-activated G

protein-coupled receptors, such as TGR5 and sphingosine-1-phosphate receptor

2, have also been identified [4]. Elucidation of the bile acid signaling network

should provide insight into pathophysiology of metabolic diseases and development

of novel therapeutics.

4.6 Conclusion

Bile acids are important not only as bile components for lipid digestion and absorp-

tion but also as signaling molecules for nuclear receptors, such as FXR, PXR, and

VDR. Bile acids regulate bile acid and lipid metabolism through activation of these

receptors and also exhibit other physiological actions. Intestinal bacteria meta-

bolize bile acids and can influence host metabolism by changing nuclear receptor

activities. Bile acids might represent “prototypes” of steroid hormones and also

serve as signaling molecules for communication between host and bacteria. The

bile acid receptors FXR, PXR, and VDR are promising drug targets for metabolic

diseases.
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Chapter 5

Bile Acid as Therapeutic Agents

Yoshihide Yamanashi, Tappei Takada, and Hiroshi Suzuki

Abstract Bile acids are the amphipathic compounds produced as the end products

of cholesterol metabolism in the liver. Due to their detergent properties, bile acids

play important roles in micelle formation and in intestinal lipid absorption. Besides

such classical functions, bile acids modulate a number of intracellular signaling

cascades involved in apoptosis, immune response, and carcinogenesis. In addition,

recent findings showed that bile acids are endogenous ligands of the farnesoid X

receptor (FXR; nuclear receptor (NR) subfamily 1 group H member 4 (NR1H4))

and the membrane-bound G-protein-coupled bile acid receptor 1 (GP-BAR1, com-

monly known as TGR5), indicating that bile acids themselves are signaling mole-

cules. Taken together with the fact that both FXR and TGR5 regulate various

physiological processes, including lipid metabolism, glucose metabolism, and

energy expenditure, these findings suggest that modulation of bile acid metabolism

and/or signaling would be a potential therapeutic strategy for the treatment of

several diseases. In this context, bile acid-related drugs (agents) such as

ursodeoxycholic acid, bile acid mimetics, and bile acid sequestrants have garnered

the attention as therapeutic agents with pleiotropic properties. This chapter aims to

provide an overview of the clinical efficacy and limitations of pharmacotherapies

with bile acid-related drugs and to discuss molecular mechanisms underlying their

pharmacological activities.

Keywords Bile acid sequestrant • Dyslipidemia • Liver disease • Ursodeoxycholic

acid • Type 2 diabetes mellitus

5.1 Physiological Properties and Functions of Bile Acids

Bile acids are amphipathic compounds synthesized in the body. Based on their

synthetic host, bile acids are divided into two groups, primary bile acids and

secondary bile acids. Primary bile acids are synthesized from cholesterol in the
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liver. In humans, major primary bile acids are cholic acid (CA) and

chenodeoxycholic acid (CDCA). Most of these bile acids are conjugated to glycine

or taurine in the liver and negatively charged at the physiological pH range

[1]. Conjugated as well as unconjugated bile acids are then actively secreted into

the bile by bile salt export pump (BSEP; ATP-binding cassette (ABC) transporter

subfamily B member 11 (ABCB11)) [2, 3]. On the other hand, secondary bile acids

are synthesized from primary bile acids by enteric bacteria. Major secondary bile

acids are deoxycholic acid (DCA), lithocholic acid (LCA), and ursodeoxycholic

acid (UDCA). DCA and LCA are synthesized by the 7α-dehydroxylation of CA and

CDCA, respectively [1]. UDCA is synthesized by the epimerization of the 7α-OH
from CDCA [4] (Fig. 5.1). Secondary bile acids are also conjugated to glycine or

taurine as well as primary bile acids.

Approximately 90–95% of bile acids (except for LCA) in the intestine are

reabsorbed in the ilium by apical sodium-dependent bile acid transporter (ASBT;

solute carrier (SLC) family 10 member 2 (SLC10A2)) [5, 6], followed by

basolateral secretion to the portal blood by a heterodimer of organic solute
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transporter α and β (OSTα/β; SLC51A/B) [7, 8] (Fig. 5.2). Bile acids in the portal

blood are taken up by hepatocytes via Na+-taurocholate cotransporting polypeptide

(NTCP; SLC10A1) [9, 10] and, again, secreted into the bile by BSEP (Fig. 5.2).

This continuous enterohepatic circulation acts as a recycling system of bile acids

and plays an important role in bile acid metabolism and homeostasis. The

remaining bile acids (5–10%) escape intestinal reabsorption and are excreted in

feces. This loss of bile acids is replenished by de novo bile acid synthesis from

cholesterol in the liver to maintain bile acid homeostasis. In humans, about 500 mg

bile acids are synthesized per day from cholesterol in the liver, which is one of the

important cholesterol elimination processes in our body [11].

To date, a number of physiological functions of bile acids have been clarified.

Bile acids are known to form mixed micelles together with phospholipids and

cholesterol. In the intestine, the mixed micelles play an important role in the

solubilization of lipophilic compounds such as dietary lipids and fat-soluble vita-

mins and, thus, regulate their intestinal absorption [11, 12]. Although the detergent

property of bile acids is essential to form mixed micelles and to solubilize lipophilic

compounds, this property also induces cytotoxicity that promotes cellular
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apoptosis/necrosis and inflammation [12]. Therefore, bile acids at high concentra-

tions can cause hepatobiliary diseases [13]. Recent findings that bile acids can

activate several receptors such as farnesoid X receptor (FXR; nuclear receptor

(NR) subfamily 1 group H member 4 (NR1H4)) [14, 15] and G-protein-coupled

bile acid receptor 1 (GP-BAR1, also named as TGR5) [16] have provided new

insights into the physiological functions of bile acids not only as detergents but also

as signaling molecules (Fig. 5.2). Indeed, bile acids regulate several metabolic

processes such as lipids, glucose, and energy metabolism via the activation of

signaling cascades involving FXR and/or TGR5 [12, 13, 17]. These findings

indicate a variety of physiological and pathophysiological functions of bile acids

and provide a rationale to target bile acids and/or their related molecules for the

treatment of several diseases. In the following sections, we summarized the current

knowledge about clinical applications and pharmacological effects of bile acid-

related drugs.

5.2 UDCA

UDCA (Fig. 5.1) is a hydrophilic bile acid used for the treatment of gallstone and

various cholestatic liver diseases. Normally, endogenous human bile contains

UDCA, although its concentration is very low. UDCA represents only 3% of the

total amount of bile acids in the body (Fig. 5.3). Unlike in human bile, UDCA is a

major component in black bears bile that has been used as a Chinese traditional

medicine (Yutan) for the treatment of liver diseases [18–20]. In 1927, UDCA was

first isolated and crystalized from Yutan [21]. More than 30 years after its isolation,

the first report on UDCA pharmacological effects in humans was published by

Japanese researchers [22]. An improvement was observed in tests of liver function
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Fig. 5.3 Effects of ursodeoxycholic acid treatment on pool sizes of bile acids. The pool sizes of

the major bile acids in humans were quantified before and after ursodeoxycholic acid (UDCA)
treatment (Data from Roda et al. [31]. CA cholic acid, CDCA chenodeoxycholic acid, DCA
deoxycholic acid, LCA lithocholic acid)
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after UDCA administration in patients with chronic hepatitis. Since then, a variety

of clinical and preclinical studies have been conducted worldwide and demon-

strated UDCA beneficial effects for several diseases as described in the following

sections.

5.2.1 UDCA as a Therapeutic Agent for Gallstone

In the 1970s, the first prospective study of UDCA in patients with gallbladder

gallstones demonstrated that UDCA could promote the dissolution of gallstones

[23]. It has been recognized that UDCA detergent property might be directly

involved in the solubilization of cholesterol from the gallstone surface [20]. In

addition, a unique property of UDCA, which promotes the formation of a liquid

crystal mesophase of phospholipids and cholesterol, has been thought to facilitate

cholesterol solubilization from gallstone [24]. Notably, such a liquid crystal can

form even in the bile saturated with cholesterol, which may account for the

observation that UDCA can dissolve gallstones even in the cholesterol-saturated

bile. Moreover, UDCA has been reported to reduce the cholesterol saturation of the

bile by decreasing the biliary excretion of cholesterol [25, 26]. Biliary cholesterol

excretion is mediated by a heterodimer of ATP-binding cassette transporter sub-

family G members 5 and 8 (ABCG5/G8) [27, 28]. Several studies demonstrated that

micellar composition affects the cholesterol efflux activity of ABCG5/G8

[29, 30]. In particular, there is a positive correlation between the concentration of

micellar bile acids and the cholesterol efflux activity of ABCG5/G8 [29, 30]. It has

been reported that UDCA therapy decreases pool sizes of CA, CDCA, and DCA

while increasing that of UDCA (Fig. 5.3) [31], likely because the excess of

exogenous UDCA increases fecal loss of endogenous bile acids by competing for

ASBT-mediated reabsorption in the intestine [32]. Thus, an altered composition

and/or a reduced concentration of biliary bile acids by UDCA therapy may atten-

uate the cholesterol efflux activity of ABCG5/G8 and, thus, the biliary cholesterol

excretion decrease.

Until the 1980s, CDCA (Fig. 5.1) was also used for gallstone therapy because it

can solubilize cholesterol from gallstone as UDCA does and even better than

UDCA [33, 34]. However, several clinical trials revealed that UDCA is more

effective than CDCA for decreasing biliary cholesterol saturation [35, 36]. In

addition, diarrhea was observed with high frequency in patients receiving CDCA

therapy due to CDCA cytotoxicity to colorectal epithelial cells, while no obvious

adverse effects were observed in patients receiving UDCA therapy [37]. Based on

these evidences, UDCA rather than CDCA is commonly used for pharmacotherapy

of gallstone today.
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5.2.2 UDCA as a Therapeutic Agent for Cholestasis

In the 1990s, a number of clinical trials demonstrated UDCA beneficial effects for

chronic cholestatic liver diseases such as primary biliary cirrhosis (PBC) [38, 39],

intrahepatic cholestasis of pregnancy (ICP) [40], and chronic hepatitis C (CHC)

[41, 42]. Currently, UDCA is the only drug approved by the US Food and Drug

administration (FDA) for the treatment of PBC. The underlying mechanisms by

which UDCA relieves symptoms of these cholestatic liver diseases have not been

fully defined. However, a variety of recent studies indicated that at least three

pharmacological activities of UDCA might be involved in its beneficial effects:

(1) its cytoprotective and antiapoptotic activity, (2) the stimulation of hepatobiliary

secretion of bile acids and endogenous toxic compounds, and (3) its immunomod-

ulatory activity. Details of these pharmacological activities are described in the

following sections.

5.2.2.1 UDCA Cytoprotective and Antiapoptotic Activity

Detergent properties of bile acids are important for micelle formation and lipid

solubillization. However, higher concentrations of bile acids beyond physiological

levels disrupt the phospholipid bilayer of the plasma membrane, resulting in

damage to hepatocytes and to biliary epithelial cells. Since the detergent effects

of bile acids are positively correlated with their hydrophobicity [43], hydrophobic

bile acids such as CDCA, DCA, and LCA are more cytotoxic than hydrophilic bile

acids such as UDCA (Table 5.1) [44]. In addition, UDCA has been reported to exert

cytoprotective effects by stabilizing cellular membranes [45]. Therefore, UDCA

treatment, which promotes the replacement of hydrophobic and toxic bile acids

with cytoprotective UDCA, could help improving hepatobiliary injury (Fig. 5.3).

Excessive hepatic apoptosis is known to cause both acute and chronic liver

injury [46]. In vitro studies demonstrated that hydrophobic bile acids such as the

glycine conjugate of CDCA (GCDCA) can directly induce apoptosis in rat hepato-

cytes through the activation of the Fas death receptor and subsequent activation of

caspase-8 [47]. In addition, GCDCA and the glycine conjugate of DCA (GDCA)

increase mitochondrial membrane permeability, which triggers mitochondrial cyto-

chrome C release with subsequent activation of the caspase-9-dependent apoptotic

cascade [48, 49]. In contrast, UDCA inhibits apoptosis by decreasing the cyto-

chrome C release through stabilization of the mitochondrial membrane

[48, 49]. Moreover, UDCA activates cell survival signals, which, in part, may

account for the antiapoptotic effect of UDCA. Indeed, the taurine conjugate of

UDCA (TUDCA) can inhibit GCDCA-induced apoptosis in rat primary hepato-

cytes by activating survival signaling pathways mediated by mitogen-activated

kinase (MAPK) and phosphoinositide-3 kinase (PI3K) [50]. However, since these

antiapoptotic activities of UDCA have been demonstrated mainly in vitro, further
in vivo studies will be necessary to demonstrate the physiological involvement of
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UDCA antiapoptotic activity on its beneficial effect against cholestatic liver

diseases.

5.2.2.2 Stimulation of Hepatobiliary Excretion of Bile Acids

and Endogenous Toxic Compounds by UDCA

Impairment of bile flow causes the hepatic accumulation of hydrophobic bile acids

and other endogenous toxic compounds such as bilirubin glucuronides and gluta-

thione conjugates, which results in the exacerbation of liver injury with further

cholestasis. In rats, UDCA stimulates biliary excretion of these endogenous toxic

compounds and, thus, inhibits the progression of cholestasis [51, 52]. Consistent

with the results of animal models, in humans with cholestasis, long-term treatment

with UDCA stimulates biliary excretion of bile acids and bilirubin glucuronides,

which results in decreasing the elevated serum levels of these compounds [39, 53,

54].

Biliary excretion of bile acids and organic anions including glucuronides and

glutathione conjugates is mainly mediated by BSEP and multidrug resistance-

associated protein 2 (Mrp2; ABCC2), respectively [2, 3, 55, 56]. In humans,

mutations of the gene encoding BSEP cause progressive familial intrahepatic

cholestasis type 2 (PFIC2) [2, 3], whereas mutations of the gene encoding MRP2

are causative of Dubin-Johnson syndrome (DJS) characterized by

hyperbilirubinemia [55], indicating the physiological importance of these trans-

porters in the liver. In the cholestatic rat liver, TUDCA significantly increases the

insertion of BSEP andMRP2 on the canalicular membrane of hepatocytes, resulting

in the stimulation of biliary secretion of bile acids and organic anions [51, 57]. The

enhanced membrane localization of these transporters might be accounted for by

the activity of TUDCA to increase cellular levels of a variety of second messengers

such as intracellular Ca2+, conventional protein kinase C (PKC), and cAMP, which

Table 5.1 Hydrophobicity indices of individual bile acids

Taurine

conjugated

Glycine

conjugated Unconjugated

Ursodeoxycholic

acid

�0.47 �0.43 �0.31

Cholic acid 0.00 +0.07 +0.13

Chenodeoxycholic

acid

+0.46 +0.51 +0.59

Deoxycholic acid +0.59 +0.65 +0.72

Lithocholic acid +1.00 +1.05 NA

More

hydrophobic

Data from Heuman et al. [44]. Hydrophobicity indices of individual bile acids were determined by

measuring the retention of each bile acid in reversed-phase liquid chromatography. A taurine-

conjugated cholic acid was used as a standard. NA not available
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promote the exocytic insertion of the membrane transporters [20]. In addition,

correct developmental formation of bile canalicular structures is also essential for

hepatobiliary excretion of bile acids and endogenous toxic compounds. Interest-

ingly, UDCA, but not CA or CDCA, has the distinctive ability to accelerate bile

canalicular formation in cultured cells and rat primary hepatocytes [58]. Consistent

with the in vitro observations, UDCA can regenerate bile canalicular structures in

rats with chemical-induced liver injury. The effects were dependent on the con-

ventional PKC and p38MAPK signaling molecules in cultured cells and partially

dependent on p38MAPK, MAPK/ERK, and conventional PKC in rat primary

hepatocytes. Collectively, although the direct molecular target of UDCA remains

to be identified, these observations indicate that UDCA stimulates biliary excretion

of toxic compounds via multiple signaling pathways.

5.2.2.3 UDCA Immunomodulatory Activity

In autoimmune cholestatic liver diseases such as PBC, humoral and cellular

immune responses are exacerbated by bile acids via the following mechanisms

[59]. Autoantigen-presenting cells (APCs) stimulate CD4+ helper T lymphocytes

(HTLs) to produce and release proinflammatory cytokines such as interleukin (IL)-

2, tumor necrosis factor α (TNFα), and interferon-γ (IFN-γ), followed by the

activation of B lymphocytes (BLs) and CD8+ cytotoxic T lymphocytes (CTLs)

for humoral and cellular response, respectively. The activated BLs produce auto-

antibodies, while the activated CTLs attack both hepatocytes and cholangiocytes,

which induce cellular death by necro-apoptosis. The binding of CTLs to hepato-

cytes is facilitated by the major histocompatibility complex (MHC) class I, whose

expression is induced by the accumulation of bile acids (mainly CDCA) during the

cholestatic process. In cholangiocytes, CDCA also induces overexpression of MHC

class II, which locally facilitates sequential activation of HTLs and CTLs, resulting

in cholangiocyte damages.

In contrast to CDCA, UDCA suppresses the activation of BLs and CTLs.

Clinically, UDCA treatment decreased the severity and progression of PBC with

reducing biomarkers of autoimmunity such as serum levels of IgM and IgG and

antimitochondrial antibody titers [60]. The immunosuppressive effect of UDCA

may be, in part, due to the inhibition of the production and release of

proinflammatory cytokines such as IL-2, IL-6, and IFN-γ from blood mononuclear

cells [61]. Besides the inhibition of cytokine release, UDCA can also inhibit the

aberrant overexpression of MHCs in cholestasis. Indeed, UDCA treatment inhibits

the overexpression of MHC class I in the liver of patients with PBC [62, 63]. In

addition, in vitro studies demonstrated that UDCA inhibited IFN-γ-inducible
overexpression of MHC class II via a glucocorticoid receptor (GR; NR3C1)-

dependent pathway [64]. Taken together, these findings indicate that UDCA can

suppress autoimmune activation in patients with PBC via the inhibition of

proinflammatory cytokine release and reversal of the aberrant expression of

MHCs. However, it should be noted that the immunomodulatory effect of UDCA
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observed in patients with PBC was not consistently observed in patients with other

inflammatory hepatobiliary diseases. For example, UDCA therapy failed to

improve the autoimmune response in patients with primary sclerosing cholangitis

(PSC) [65]. Therefore, the immunosuppressive effect of UDCA should be evaluated

in the context of each disease and disease pathogenesis.

5.2.3 UDCA as a Therapeutic Agent for NASH

Nonalcoholic steatohepatitis (NASH) is a progressive liver disease characterized by

hepatic steatosis, inflammation, and fibrosis. Currently, there is no approved ther-

apy for NASH, and thus, effective agents for the treatment of this disease are highly

desired. In this context, UDCA has attracted the attention as a potential therapeutic

agent for NASH because of its multiple hepatoprotective activities. To date, several

prospective, placebo-controlled clinical trials have been conducted to test the

therapeutic effect of UDCA for NASH [66, 67]. These studies demonstrated that

UDCA monotherapy at a standard dose (13–15 mg/kg/day) had no positive effect

on serum concentrations of liver enzymes in patients with NASH, indicating that

UDCA at a standard dose hardly improves hepatic function in NASH. Meanwhile,

high dose of UDCA (at 25–30 mg/kg/day) could improve biochemical parameters

in patients with NASH [68, 69]. However, histological features of NASH, including

liver steatosis, inflammation, and fibrosis, were hardly improved even by treatment

with high doses of UDCA. Based on these clinical findings, UDCA monotherapy is

no longer recommended for the treatment of NASH [70]. Nevertheless, considering

that the pathogenesis of NASH is associated with multiple disease conditions such

as obesity, steatosis, insulin resistance, and chronic inflammation, combined ther-

apies using UDCA with other drugs to prevent metabolic and inflammatory disor-

ders might be effective options for the treatment of NASH.

5.2.4 UDCA as a Therapeutic Agent for Colon Cancer

A high-fat diet is a major risk factor of colon cancer. Continuous intake of high-fat

foods leads to an increase in colorectal hydrophobic bile acids. These are thought to

be major diet-related carcinogenic substances in the colon. Indeed, it has been

reported that increased serum and/or fecal concentrations of the hydrophobic bile

acid, DCA in particular, are associated with increased adenomas and colon cancer

risk in humans [71]. Recent studies demonstrated that DCA increases oxidative

DNA damage and causes genomic instability that, in turn, may lead to colorectal

carcinogenesis [72]. In addition, DCA activates the EGFR/MAPK pathway. Over-

activation of this pathway causes upregulation of various oncogenes such as RAS,

RAF, extracellular signal-regulated kinase (ERK) 1/2, and proto-oncogene activa-

tor protein 1 (AP-1) as well as EGFR itself [71, 73, 74].
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Conversely, UDCA suppresses the development of colon tumor. Several pre-

clinical studies with rats demonstrated that UDCA significantly decreases the size

and number of colon tumors induced by chemical carcinogens such as

N-methylnitrosourea or azoxymethane [75–77]. This antitumor effect of UDCA

may be associated with a reduction of colorectal and/or fecal DCA by UDCA

therapy [78]. In addition, UDCA itself, which can block the EGFR/MAPK signal-

ing pathway, may directly contribute to its antitumor effect [73, 74].

Consistent with results in animal models, retrospective clinical studies demon-

strated a significant decrease in polyp size, decreased adenoma prevalence, and

decreased probability of adenoma recurrence in patients treated with UDCA

[79, 80]. In addition, a prospective, placebo-controlled, phase III clinical trial was

also conducted to examine the tumor-suppressive effect of UDCA [81]. In this

study, UDCA was randomly administered orally to 1,285 patients who underwent

surgery to remove colorectal adenomas within 6 months prior to the trial. This study

indicated a significant decrease in the recurrence of colorectal adenomas in patients

who received UDCA [81]. These results strongly indicate that UDCA is a promis-

ing agent for colon cancer. Interestingly, further elucidation of the data from the

phase III clinical trial revealed that there is a gender difference in the tumor-

suppressive effect of UDCA [82]. UDCA caused an overall reduction in the

development of adenoma in men, but led to a significantly higher risk of adenoma

development in women who were younger (age <65 years), obese (body mass

index �30 kg/m2), or with high-dietary fat intake (�56.2 g/day). These findings

suggest that there might be some unknown mechanisms underlying the tumor-

suppressive effect of UDCA and that further investigations would be necessary to

clarify the appropriate population for UDCA therapy against colon cancer.

5.3 Nor-ursodeoxycholic Acid

Nor-ursodeoxycholic acid (NorUDCA) is a side-chain shortened derivate of UDCA

(Fig. 5.1). NorUDCA is resistant to conjugation to taurine and glycine

[83]. Unconjugated NorUDCA is secreted into the bile and reabsorbed by

cholangiocytes to return to the liver. Such a cholehepatic shunt of NorUDCA

stimulates bicarbonate secretion into the bile, which results in hypercholeresis

[84]. In addition, the cholehepatic shunting helps NorUDCA to target injured bile

ducts and, thereby, may facilitate ductal healing by direct antiproliferative, anti-

inflammatory, and anti-fibrotic effects. Therapeutic effects of NorUDCA have been

reported in the multidrug resistance protein 3 (Mdr3; Abcb4) knockout mouse,

which is widely used as a model of cholangiopathy [85, 86]. Mdr3 is predominantly

expressed on the canalicular membrane of hepatocytes and acts as a phospholipid

translocater involved in biliary excretion of phosphatidylcholine [87]. Phosphati-

dylcholine in bile facilitates micellar formation of bile acids to reduce their toxicity.

Therefore, the absence of biliary phosphatidylcholine promotes bile acid-induced

injury to the biliary epithelium, resulting in cholangiopathy. In humans, defects in
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MDR3 are the cause of progressive familial intrahepatic cholestasis type 3 (PFIC3),

an autosomal recessive liver disorder with early-onset cholestasis [88]. In vivo

pharmacological studies with Mdr3 knockout mice demonstrated that NorUDCA

reversed sclerosing cholangitis [85], while UDCA worsened, rather than improved,

the bile infarcts in cholestatic conditions with biliary obstruction [86]. These results

suggest that the therapeutic effect of NorUDCA against cholangiocellular chole-

stasis would be greater than that of UDCA. However, in a model of

taurolithocholate-induced hepatocellular cholestasis, NorUDCA failed to counter-

act cholestasis and hepatocyte apoptosis, while the taurine conjugate of UDCA did

[89]. Taken together with the fact that hepatobiliary disorders progressed not only

by cholangiocyte but also by hepatocyte dysfunction, these results suggest that

combination therapy of NorUDCA with UDCA may be more beneficial than either

monotherapy. Currently, a randomized, placebo-controlled phase II clinical trial of

NorUDCA in the treatment of PSC is ongoing [83]. Results of this clinical trial will

reveal the pharmacological effects of NorUDCA in humans and provide further

aspects of the therapeutic potential of NorUDCA.

5.4 Bile Acid Mimetics as FXR and TGR5 Agonists

The discovery of FXR, a nuclear hormone receptor recognizing bile acids as

endogenous ligands, gave rise to the idea that bile acids are signaling molecules.

In particular, it has been revealed that CDCA, DCA, LCA, and CA, but not UDCA

or NorUDCA, present ligand’s ability to activate FXR signaling with the following

order of potency: CDCA>DCA>LCA>>CA [17]. FXR is highly expressed in the

liver and intestine and plays a key role in bile acid homeostasis. In the liver, binding

of bile acids to FXR induces the expression of small heterodimer partner (SHP),

which is a transcriptional repressor interfering with the transcription of cholesterol

7α-hydroxyrase (CYP7A1) (Fig. 5.2) [12]. CYP7A1 is a rate-limiting enzyme

involved in the conversion of cholesterol to primary bile acids. The expression of

CYP7A1 is also negatively regulated via an endocrine mechanism mediated by

fibroblast growth factor 19 (FGF19) (human homologue of Fgf15 in rodents), which

is secreted from the ileum into the portal circulation in response to the activation of

intestinal FXR by bile acids [90] (Fig. 5.2). In the liver, FGF19 activates fibroblast

growth factor receptor 4 (FGFR4) with its co-receptor β-Klotho. The

FGFR4/β-Klotho signaling cascade then induces the expression of SHP, which, in

turn, results in a decrease in CYP7A1 expression [91] (Fig. 5.2). This negative

regulation of CYP7A1 expression by bile acids via FXR and FGFR/β-Klotho
signaling pathways plays a key role in the feedback regulation of bile acid synthe-

sis. In addition to the CYP7A1 expression, FXR signaling also regulates the

expression of bile acid transporters involved in the enterohepatic circulation to

maintain bile acid homeostasis [92, 93] (Fig. 5.2). Recent studies indicated that

FXR regulates multiple metabolic pathways involved in lipogenesis, gluconeogen-

esis, tumor suppression, liver regeneration, and liver inflammation as well as bile
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acid homeostasis, indicating that FXR is a potential therapeutic target for a variety

of diseases [1].

Besides FXR, TGR5 acts as a bile acid receptor. TGR5 is a cell surface receptor,

abundantly expressed in the liver, bile duct, gallbladder, brown adipose tissue,

muscle, and intestine (enteroendocrine L cells, in particular) [17]. In the liver,

TGR5 is expressed in Kupffer cells, but not in hepatocytes [94]. Similar to FXR,

TGR5 is activated by most endogenous bile acids, including LCA, DCA, CDCA,

and CA, but not UDCA, with the following order of potency:

LCA>DCA>CDCA>CA [17]. Upon bile acid binding to TGR5, the adenylate

cyclase is stimulated, and cellular cAMP levels increase, leading to further down-

stream signaling events [12]. For example, in enteroendocrine L cells, TGR5

activation stimulates the secretion of glucagon-like peptide 1 (GLP-1), which

enhances insulin secretion from the pancreas and improves insulin sensitivity

[95, 96] (Fig. 5.2). In Kupffer cells and macrophages, TGR5 activation inhibits

lipopolysaccharide-induced production and secretion of proinflammatory cytokines

such as IL-1β, IL-6, IFN-γ, and TNFα [94]. In addition, in the brown adipose tissue

and skeletal muscle, TGR5 regulates energy homeostasis by activating cAMP-

dependent iodothyronine deiodinase 2, an enzyme responsible for the conversion

of inactive thyroxine (T4) to active thyroid hormone (T3) [97]. Since T3 is a

positive regulator of the basal metabolic rate and energy consumption, TGR5

activation in the muscle and brown adipose tissue results in an increase in energy

expenditure. Collectively, these findings indicate that TGR5 and FXR agonists are

potential therapeutic agents for several diseases such as diabetes, inflammatory

liver diseases, and obesity.

Several mimetics of bile acids have been developed as agonists of these bile acid

receptors for the treatment of liver diseases such as PBC, PSC, and NASH [17]. For

example, obeticholic acid (OCA) (6α-ethyl-chenodeoxycholic acid) and INT-777

(6α-ethyl-23(S)-methyl-cholic acid) have been developed [98, 99] (Fig. 5.1).

Although OCA was developed as a potent and selective FXR agonist, a recent

study indicates that it also activates TGR5 with an EC50 value comparable to those

of endogenous bile acids [100]. Meanwhile, INT-777 is a highly selective TGR5

agonist with little ability to activate FXR [99, 100]. OCA has been under investi-

gation in clinical trials to examine its beneficial effects for the treatment of PBC. In

a phase II clinical trial, OCA monotherapy markedly improved liver functions and

inflammation in patients with PBC [101]. However, unexpectedly, this therapy also

induced dose-dependent pruritus as a common but serious adverse effect, which

results in the discontinuation of the treatment in more than 35% of the patients. For

this adverse effect, a phase III clinical trial of OCA has been conducted in a limited

number of patients with PBC with inadequate response to standard UDCA therapy

[102]. A clinical trial of OCA in NASH patients has also been conducted and

demonstrated that OCA treatment improves NASH histological features, although

patients developed pruritus with a high frequency [103]. Regarding the selective

TGR5 agonist INT-777, preclinical studies revealed that INT-777 administration

improves insulin sensitivity and prevents obesity and hepatic steatosis in mice fed a

high-fat diet, suggesting multiple pharmacological activities of INT-777
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[95]. However, considering the recent finding that bile acid-induced itch may be

caused, in part, by the activation of TGR5 [104], it is highly possible that pruritus

will be observed with the INT-777 therapy as well as with the OCA therapy. Since

bile acids are ligands for multiple receptors, including GR, vitamin D receptor

(VDR; NR1I1), and pregnane X receptor (PXR; NR1I2) besides FXR and TGR5

[64, 105, 106], and have multiple biochemical activities, a comprehensive under-

standing of signaling pathways involving bile acids would be necessary to predict

their pharmacological effects accurately.

5.5 Bile Acid Sequestrants

Bile acid sequestrants (BAS) have been used for more than 50 years for the

treatment of hypercholesterolemia. Besides such a classical usage, recent advances

in understanding multiple physiological functions of bile acid shed light on new

medicinal applications of BAS for several metabolic diseases. In this section, we

summarized BAS pharmacological activities for the treatment of dyslipidemia and

type 2 diabetes mellitus (T2DM).

5.5.1 BAS as Therapeutic Agents for Dyslipidemia

BAS are non-absorbed positively charged resins that can bind to negatively charged

bile acids in the intestine. Currently four BAS are available on the market:

colestipol (first-generation BAS), cholestyramine, colestimide (available only in

Japan), and colesevelam-HCl (Fig. 5.1). Among them, colesevelam-HCl has been

specifically engineered to contain long hydrophobic side chains, which increases

the affinity and specificity to bind bile acids compared to other traditional BAS

[107]. Due to this property, colesevelam-HCl can be used at lower doses compared

to other BAS (Table 5.2). Clinically, the efficacy of BAS monotherapies has been

proven. BAS decrease total cholesterol levels (by 3–17%) and low-density lipo-

protein cholesterol (LDL-C) levels (by 5–26%) without changing or only inducing a

little increase in high-density lipoprotein cholesterol (HDL-C) levels (by 0–8%) in

a dose-dependent manner (Table. 5.2). The aim of most of cholesterol-lowering

therapies is to reduce the risk of atherosclerosis and cardiovascular diseases such as

coronary heart disease (CHD). It has been reported that, compared with placebo,

cholestyramine as monotherapy and colestipol in combination with lovastatin

decrease the percentage of patients with CHD progression and also increase the

percentage of patients with CHD regression (Table. 5.2). These results indicate that

BAS (either as monotherapy or in combination with other cholesterol-lowering

drugs) can reduce the risk of CHD besides improving plasma lipid profiles.

The underlying mechanism by which BAS reduce plasma cholesterol levels

involves the disruption of the enterohepatic circulation of bile acids. Since bile
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acids bound to BAS are not reabsorbed by ASBT in the ileum, fecal elimination of

bile acid is increased up to more than three times during BAS therapy

[108, 109]. Such a disruption of the enterohepatic circulation of bile acid causes a

reduction in the bile acid pool in our body and, thereby, increases the hepatic

conversion of cholesterol to primary bile acids (CA in particular), leading to

intracellular cholesterol depletion in the liver. In response to the cholesterol deple-

tion, sterol regulatory element-binding protein 2 (SREBP-2), which is a transcrip-

tional factor regulating the expression of genes involved in cholesterol homeostasis

[110], increases the hepatic expression of LDL receptor (LDLR) to enhance the

uptake of LDL-C from plasma [111]. Consequently, BAS treatment decreases the

plasma concentration of cholesterol, LDL-C in particular. BAS treatment also

increases the expression of HMG-CoA reductase, a rate-limiting enzyme for cho-

lesterol synthesis, via the activation of SREBP-2 and, thus, enhances de novo

cholesterol synthesis in the liver [111]. Therefore, it makes sense to use BAS in

combination with statin, an HMG-CoA reductase inhibitor, for the treatment of

hypercholesterolemia. Indeed, several clinical studies demonstrated that combina-

tion therapies of BAS and statin showed greater decreases in plasma total choles-

terol levels and LDL-C levels compared with either monotherapy (Table 5.2).

Impaired intestinal cholesterol absorption may also be associated with BAS

cholesterol-lowering effect. Considering that micellar solubilization is crucial for

lipid absorption in the intestine and that the bile acids are essential to form micelles,

alterations in the micellar concentration and/or composition of bile acids by BAS

treatment may affect cholesterol absorption in the intestine. Intestinal cholesterol

absorption was for a long time thought to occur by passive diffusion through the

luminal membrane of enterocytes. However, the discovery of ezetimibe, a potent

intestinal cholesterol absorption inhibitor, indicates that this process is mediated by

a specific transport system [112]. In 2004, it was reported that intestinal cholesterol

absorption in Niemann-Pick C1-like 1 (NPC1L1) knockout mice was significantly

reduced to about 30% of that in wild-type mice and the degree of this reduction was

almost the same as that observed in ezetimibe-treated wild-type mice [113]. In

addition, ezetimibe hardly affected the remaining cholesterol absorption in

NPC1L1 knockout mice. These results, together with the fact that NPC1L1 is

expressed on the apical membrane of the intestine, particularly of the jejunum,

where most sterol absorption occurs [113], suggest that NPC1L1 is involved in the

intestinal cholesterol absorption and is a molecular target of ezetimibe. Interest-

ingly, in vitro studies with NPC1L1-overexpressing cells demonstrated that

NPC1L1-mediated cholesterol uptake was positively regulated by the micellar

concentration of bile acids [114]. Taken together with the fact that BAS can remove

bile acids from micelles [115], this observation suggests that NPC1L1-mediated

intestinal cholesterol absorption might be impaired by BAS treatment due to the

reduction of micellar bile acids.
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5.5.2 BAS as Therapeutic Agents for T2DM

In 1994, it was reported for the first time that cholestylamine treatment achieved an

about 10% reduction in fasting plasma glucose in patients with T2DM [116]. Since

then, the efficacy of BAS alone or in combination with other antidiabetic drugs

(e.g., insulin, sulfonylurea, and metformin) on glucose homeostasis and insulin

sensitivity has been examined in several clinical studies (Table 5.3). For example,

monotherapy with colesevelam-HCl has been shown to reduce fasting plasma

glucose and HbA1c levels by 4% and 2%, respectively, in adults with untreated

prediabetes [117]. In addition, several combination therapies of colesevelam-HCl

with other antidiabetic drugs achieved additive reductions in fasting plasma glucose

and HbA1c of around 10% (Table 5.3). Based on these results, in 2008, the FDA

approved colesevelam-HCl to control hyperglycemia in patients with T2DM.

Colestimide has also been shown to reduce fasting plasma glucose and HbA1c in

patients with T2DM with other antidiabetic or insulin treatment [118]. Currently,

colesevelam-HCl is the only approved drug for the treatment of T2DM in the USA,

even though colestimide is under clinical trials in Japan to expand its indication to

T2DM.

The mechanism underlying how BAS improve glycemic control has not been

fully defined. However, it has been suggested that GLP-1, a potent glucose-

lowering hormone, might be involved in BAS-mediated improvement of glycemic

control. Several studies revealed that BAS therapy enhances GLP-1 secretion from

enteroendocrine L cells [119–121]. Indeed, BAS treatment significantly increases

glucose-stimulated GLP-1 and insulin release in rat diabetic models [119, 120]. In

addition, patients with T2DM treated with colestimide showed increased postpran-

dial plasma GLP-1 levels, whereas their plasma glucose levels decreased [121].

The mechanism by which BAS stimulate GLP-1 secretion has been extensively

studied. One of the plausible mechanisms is associated with the activation of TGR5,

which upregulates the production and secretion of GLP-1 in enteroendocrine L cells

[95, 96] (Fig. 5.2). The inhibition of bile acid reabsorption by BAS would increase

bile acids in the distal intestine (ileum), where enteroendocrine L cells are highly

enriched. Since bile acids, even though they are bound to BAS, are able to activate

TGR5 [122], the increase in ileal bile acids by BAS treatment may stimulate GLP-1

production and secretion in enteroendocrine L cells. In addition to the TGR5

activation, FXR deactivation may also be involved in the stimulation of GLP-1

secretion. It has been reported that whole-body FXR-deficient mice are protected

against obesity and present an improved glucose metabolism [123]. Interestingly,

similar phenotypes were observed in intestine-specific, but not in liver-specific,

FXR-deficient mice [123–125]. These results indicate that, in the intestine, FXR

plays an important role in energy expenditure and glucose metabolism. A recent

study demonstrated that FXR is expressed in enteroendocrine L cells and

downregulates the production of GLP-1 by decreasing the expression of

proglucagon, a precursor of GLP-1 (Fig. 5.2). In addition, FXR activation decreases

ATP production by inhibiting glycolysis, which, in turn, suppresses GLP-1
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secretion. Furthermore, the beneficial effect on glucose tolerance in FXR-deficient

mice is abolished by the administration of a GLP-1 receptor antagonist. Collec-

tively, these findings suggest that intestinal FXR negatively regulates glucose

tolerance through the downregulation of GLP-1 [126]. Considering that BAS

have the potential to deactivate FXR through an alteration in bile acid composition,

pool sizes of bile acids such as CDCA and DCA with higher FXR ligand abilities

are reduced due to the disruption of enterohepatic circulation, whereas the pool size

of CA with the lowest FXR ligand ability is increased by an enhanced CA synthesis

to compensate for the increased fecal loss of bile acids (Fig. 5.4), the BAS-mediated

deactivation of FXR in enteroendocrine L cells might be involved in the increase in

GLP-1 secretion.

5.5.3 BAS Adverse Effects

Major adverse effects of BAS are gastrointestinal complaints such as constipation,

abdominal pain, and nausea, which often result in the discontinuation of BAS

therapy. In addition, long-term treatment with BAS leads to deficiency of

fat-soluble vitamins (vitamin A, D, E, and K). This deficiency is accounted for by

malabsorption of these vitamins as well as cholesterol, which is likely caused by the

reduction of micellar bile acids and/or nonspecific binding to BAS. Similarly,

intestinal absorption of several drugs such as warfarin, cyclosporine, and digoxin

is also inhibited by BAS due to nonspecific binding. Therefore, patients should be

advised to take concomitant medications at least 1 h before or 4 h after BAS intake.

In contrast to BAS, ezetimibe had been thought to be a selective inhibitor of

cholesterol absorption, which should hardly affect the intestinal absorption of

other nutrients and drugs. This was one of the superior features of ezetimibe

compared with BAS. However, recent studies demonstrated that NPC1L1 has the

CA
CDCA
DCA

Colesevelam-HCl
(3.75g/day)

4.7 mmol
(Total bile acid pool size)

4.0 mmol
(Total bile acid pool size)

8 weeks

Before After

Fig. 5.4 Effects of colesevelam-HCl treatment on pool sizes of bile acids. The pool sizes of the

major bile acids in humans were quantified before and after colesevelam-HCl treatment (Data

from Brufau et al. [133]. CA cholic acid, CDCA chenodeoxycholic acid, DCA deoxycholic acid)
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ability to import vitamin E and vitamin K1 as well as cholesterol. Additionally,

ezetimibe can inhibit the intestinal absorption of these vitamins in mice and rats

[127–129]. These findings suggest that malabsorption of vitamin E and vitamin K1

should be considered even in ezetimibe therapy as well as BAS therapy.

Unlike other cholesterol-lowering drugs, BAS increase plasma triglyceride

(TG) levels (Table 5.2). Therefore, the use of BAS as a monotherapy in patients

with hypertriglyceridemia is limited. The increase in plasma TG levels by BAS

treatment appears to be associated with the BAS-induced deactivation of FXR.

FXR activation in the liver causes reduction in the hepatic expression of SREBP-1c,

a transcriptional factor promoting the expression of genes involved in TG biosyn-

thesis [130] (Fig. 5.2). Additionally, in humans, FXR activation can induce the

expression of peroxisome proliferator-activated receptor α (PPARα; NR1C1),

leading to the suppression of TG production in the liver [131] (Fig. 5.2). Taken

together with these facts, FXR deactivation by BAS would enhance TG biosynthe-

sis in the liver, and thereby, TG hepatic secretion into the plasma increases.

Notably, the increase in plasma TG levels by BAS can be attenuated by the

coadministration of other drugs for dyslipidemia. In the case of combination

therapy of BAS with fenofibrate, a clinically used PPARα agonist for dyslipidemia,

plasma TG levels were significantly decreased even in patients receiving

colesevelam-HCl (Table 5.2). Considering that the appropriate control of plasma

TG levels as well as cholesterol levels is important to inhibit cardiovascular

diseases, combination therapies of BAS with fibrates might be an attractive option

for the treatment of dyslipidemia.

5.6 Conclusions and Future Perspectives

Bile acids are involved in a variety of physiological processes and cellular signaling

such as intestinal lipid absorption, lipid metabolism, bile secretion, cell toxicity,

inflammation, carcinogenesis, and glucose metabolism. Thus, bile acids and/or bile

acid-related molecules are promising pharmacological targets against several dis-

eases. However, considering the complexity of the regulatory mechanisms of bile

acid homeostasis, involving many transporters and nuclear receptors (Fig. 5.2) and

given the fact that a variety of signaling pathways involving bile acids exert not

only beneficial but also adverse effects on the human body, the “one-size-fits-all”

therapy with bile acid-related drugs will not be successful. To obtain maximum

beneficial effects of bile acid-related drugs, it is necessary to use these drugs for the

appropriate patient at the appropriate time (disease stage). In addition, combination

with other drugs would be a key to a successful therapy. To identify the suitable

patients, timing, and concomitant drugs, comprehensive and quantitative under-

standing of molecular pathways involving bile acids would be helpful. In line with

this idea, systems biology approaches such as computational and mathematical

modeling to understand complex biological systems will become increasingly

important and useful [132]. A quantitative integration of segmentalized knowledge

5 Bile Acid as Therapeutic Agents 81



about bile acid signaling by using systems biology approaches will enable us to

predict, with high accuracy, the cellular, tissue, and in vivo responses to bile acid-

related drugs. In addition, it will ease the development of more effective bile acid

therapies.
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J Biochem. 1927;7(3):505–17.

22. Ichida F. Clinical experience with ursodeoxycholic acid (S-Urso) for chronic hepatitis.

Sindan-to-tiryou. 1961;49:388–92.

23. Makino I, Shinozaki K, Yoshino K, Nakagawa S. Dissolution of cholesterol gallstones by

long-term administration of ursodeoxycholic acid. Nihon Shokakibyo Gakkai Zasshi.

1975;72(6):690–702.

24. Corrigan OI, Su CC, Higuchi WI, Hofmann AF. Mesophase formation during cholesterol

dissolution in ursodeoxycholate-lecithin solutions: new mechanism for gallstone dissolution

in humans. J Pharm Sci. 1980;69(7):869–71.

25. Nilsell K, Angelin B, Leijd B, Einarsson K. Comparative effects of ursodeoxycholic acid and

chenodeoxycholic acid on bile acid kinetics and biliary lipid secretion in humans. Evidence

for different modes of action on bile acid synthesis. Gastroenterology. 1983;85(6):1248–56.

26. von Bergmann K, Epple-Gutsfeld M, Leiss O. Differences in the effects of chenodeoxycholic

and ursodeoxycholic acid on biliary lipid secretion and bile acid synthesis in patients with

gallstones. Gastroenterology. 1984;87(1):136–43.

27. Berge KE, Tian H, Graf GA, Yu L, Grishin NV, Schultz J, et al. Accumulation of dietary

cholesterol in sitosterolemia caused by mutations in adjacent ABC transporters. Science.

2000;290(5497):1771–5.

28. Yu L, Hammer RE, Li-Hawkins J, Von Bergmann K, Lutjohann D, Cohen JC, et al.

Disruption of Abcg5 and Abcg8 in mice reveals their crucial role in biliary cholesterol

secretion. Proc Natl Acad Sci USA. 2002;99(25):16237–42. doi:10.1073/pnas.252582399.

29. Vrins C, Vink E, Vandenberghe KE, Frijters R, Seppen J, Groen AK. The sterol transporting

heterodimer ABCG5/ABCG8 requires bile salts to mediate cholesterol efflux. FEBS Lett.

2007;581(24):4616–20. doi:10.1016/j.febslet.2007.08.052.

30. Yamanashi Y, Takada T, Yoshikado T, Shoda J, Suzuki H. NPC2 regulates biliary cholesterol

secretion via stimulation of ABCG5/G8-mediated cholesterol transport. Gastroenterology.

2011;140(5):1664–74. doi:10.1053/j.gastro.2011.01.050.

31. Roda E, Roda A, Sama C, Festi D, Mazzella G, Aldini R, et al. Effect of ursodeoxycholic acid

administration on biliary lipid composition and bile acid kinetics in cholesterol gallstone

patients. Dig Dis Sci. 1979;24(2):123–8.

32. Salvioli G, Salati R. Faecal bile acid loss and bile acid pool size during short-term treatment

with ursodeoxycholic and chenodeoxycholic acid in patients with radiolucent gallstones. Gut.

1979;20(8):698–704.

33. Bell GD, Whitney B, Dowling RH. Gallstone dissolution in man using chenodeoxycholic

acid. Lancet. 1972;2(7789):1213–6.

34. Danzinger RG, Hofmann AF, Schoenfield LJ, Thistle JL. Dissolution of cholesterol gall-

stones by chenodeoxycholic acid. N Engl J Med. 1972;286(1):1–8. doi:10.1056/

NEJM197201062860101.

35. Stiehl A, Raedsch R, Czygan P, Gotz R, Manner C, Walker S, et al. Effects of biliary bile acid

composition on biliary cholesterol saturation in gallstone patients treated with

chenodeoxycholic acid and/or ursodeoxycholic acid. Gastroenterology. 1980;79(6):1192–8.

36. Stiehl A, Czygan P, Kommerell B, Weis HJ, Holtermuller KH. Ursodeoxycholic acid versus

chenodeoxycholic acid. Comparison of their effects on bile acid and bile lipid composition in

patients with cholesterol gallstones. Gastroenterology. 1978;75(6):1016–20.

5 Bile Acid as Therapeutic Agents 83

http://dx.doi.org/10.1053/jhep.2002.36088
http://dx.doi.org/10.1053/jhep.2002.36088
http://dx.doi.org/10.1111/j.1872-034X.2007.00297.x
http://dx.doi.org/10.1073/pnas.252582399
http://dx.doi.org/10.1016/j.febslet.2007.08.052
http://dx.doi.org/10.1053/j.gastro.2011.01.050
http://dx.doi.org/10.1056/NEJM197201062860101
http://dx.doi.org/10.1056/NEJM197201062860101


37. Mok HY, Bell GD, Dowling RH. Effect of different doses of chenodeoxycholic acid on bile-

lipid composition and on frequency of side-effects in patients with gallstones. Lancet. 1974;2

(7875):253–7.

38. Poupon RE, Balkau B, Eschwege E, Poupon R. A multicenter, controlled trial of ursodiol for

the treatment of primary biliary cirrhosis. UDCA-PBC Study Group. N Engl J Med. 1991;324

(22):1548–54. doi:10.1056/NEJM199105303242204.

39. Lindor KD, Dickson ER, Baldus WP, Jorgensen RA, Ludwig J, Murtaugh PA, et al.

Ursodeoxycholic acid in the treatment of primary biliary cirrhosis. Gastroenterology.

1994;106(5):1284–90.

40. Palma J, Reyes H, Ribalta J, Hernandez I, Sandoval L, Almuna R, et al. Ursodeoxycholic acid

in the treatment of cholestasis of pregnancy: a randomized, double-blind study controlled

with placebo. J Hepatol. 1997;27(6):1022–8.

41. Puoti C, Pannullo A, Annovazzi G, Filippi T, Magrini A. Ursodeoxycholic acid and chronic

hepatitis C infection. Lancet. 1993;341(8857):1413–4.

42. Takano S, Ito Y, Yokosuka O, Ohto M, Uchiumi K, Hirota K, et al. A multicenter randomized

controlled dose study of ursodeoxycholic acid for chronic hepatitis C. Hepatology. 1994;20

(3):558–64.

43. Attili AF, Angelico M, Cantafora A, Alvaro D, Capocaccia L. Bile acid-induced liver

toxicity: relation to the hydrophobic-hydrophilic balance of bile acids. Med Hypotheses.

1986;19(1):57–69.

44. Heuman DM. Quantitative estimation of the hydrophilic-hydrophobic balance of mixed bile

salt solutions. J Lipid Res. 1989;30(5):719–30.

45. Guldutuna S, Zimmer G, Imhof M, Bhatti S, You T, Leuschner U. Molecular aspects of

membrane stabilization by ursodeoxycholate [see comment]. Gastroenterology. 1993;104

(6):1736–44.

46. Guicciardi ME, Gores GJ. Apoptosis: a mechanism of acute and chronic liver injury. Gut.

2005;54(7):1024–33. doi:10.1136/gut.2004.053850.

47. FaubionWA, Guicciardi ME, Miyoshi H, Bronk SF, Roberts PJ, Svingen PA, et al. Toxic bile

salts induce rodent hepatocyte apoptosis via direct activation of Fas. J Clin Invest. 1999;103

(1):137–45. doi:10.1172/JCI4765.

48. Rodrigues CM, Fan G, Wong PY, Kren BT, Steer CJ. Ursodeoxycholic acid may inhibit

deoxycholic acid-induced apoptosis by modulating mitochondrial transmembrane potential

and reactive oxygen species production. Mol Med. 1998;4(3):165–78.

49. Botla R, Spivey JR, Aguilar H, Bronk SF, Gores GJ. Ursodeoxycholate (UDCA) inhibits the

mitochondrial membrane permeability transition induced by glycochenodeoxycholate: a

mechanism of UDCA cytoprotection. J Pharmacol Exp Ther. 1995;272(2):930–8.

50. Schoemaker MH, Conde de la Rosa L, Buist-Homan M, Vrenken TE, Havinga R, Poelstra K,

et al. Tauroursodeoxycholic acid protects rat hepatocytes from bile acid-induced apoptosis

via activation of survival pathways. Hepatology. 2004;39(6):1563–73. doi:10.1002/hep.

20246.

51. Beuers U, Bilzer M, Chittattu A, Kullak-Ublick GA, Keppler D, Paumgartner G, et al.

Tauroursodeoxycholic acid inserts the apical conjugate export pump, Mrp2, into canalicular

membranes and stimulates organic anion secretion by protein kinase C-dependent mecha-

nisms in cholestatic rat liver. Hepatology. 2001;33(5):1206–16. doi:10.1053/jhep.2001.

24034.

52. Kitani K, Ohta M, Kanai S. Tauroursodeoxycholate prevents biliary protein excretion

induced by other bile salts in the rat. Am J Physiol. 1985;248(4 Pt 1):G407–17.

53. Jazrawi RP, de Caestecker JS, Goggin PM, Britten AJ, Joseph AE, Maxwell JD, et al.

Kinetics of hepatic bile acid handling in cholestatic liver disease: effect of ursodeoxycholic

acid. Gastroenterology. 1994;106(1):134–42.

54. Poupon RE, Chretien Y, Poupon R, Paumgartner G. Serum bile acids in primary biliary

cirrhosis: effect of ursodeoxycholic acid therapy. Hepatology. 1993;17(4):599–604.

84 Y. Yamanashi et al.

http://dx.doi.org/10.1056/NEJM199105303242204
http://dx.doi.org/10.1136/gut.2004.053850
http://dx.doi.org/10.1172/JCI4765
http://dx.doi.org/10.1002/hep.20246
http://dx.doi.org/10.1002/hep.20246
http://dx.doi.org/10.1053/jhep.2001.24034
http://dx.doi.org/10.1053/jhep.2001.24034


55. Paulusma CC, Bosma PJ, Zaman GJ, Bakker CT, Otter M, Scheffer GL, et al. Congenital

jaundice in rats with a mutation in a multidrug resistance-associated protein gene. Science.

1996;271(5252):1126–8.

56. Ito K, Suzuki H, Hirohashi T, Kume K, Shimizu T, Sugiyama Y. Functional analysis of a

canalicular multispecific organic anion transporter cloned from rat liver. J Biol Chem.

1998;273(3):1684–8.

57. Dombrowski F, Stieger B, Beuers U. Tauroursodeoxycholic acid inserts the bile salt export

pump into canalicular membranes of cholestatic rat liver. Lab Invest J Tech Methods Pathol.

2006;86(2):166–74. doi:10.1038/labinvest.3700371.

58. Ikebuchi Y, Shimizu H, Ito K, Yoshikado T, Yamanashi Y, Takada T, et al. Ursodeoxycholic

acid stimulates the formation of the bile canalicular network. Biochem Pharmacol. 2012;84

(7):925–35. doi:10.1016/j.bcp.2012.07.008.

59. Roma MG, Toledo FD, Boaglio AC, Basiglio CL, Crocenzi FA, Sanchez Pozzi

EJ. Ursodeoxycholic acid in cholestasis: linking action mechanisms to therapeutic applica-

tions. Clin Sci. 2011;121(12):523–44. doi:10.1042/CS20110184.

60. Poupon RE, Poupon R, Balkau B. Ursodiol for the long-term treatment of primary biliary

cirrhosis. The UDCA-PBC Study Group. N Engl J Med. 1994;330(19):1342–7. doi:10.1056/

NEJM199405123301903.

61. Yoshikawa M, Tsujii T, Matsumura K, Yamao J, Matsumura Y, Kubo R, et al. Immuno-

modulatory effects of ursodeoxycholic acid on immune responses. Hepatology. 1992;16

(2):358–64.

62. Terasaki S, Nakanuma Y, Ogino H, Unoura M, Kobayashi K. Hepatocellular and biliary

expression of HLA antigens in primary biliary cirrhosis before and after ursodeoxycholic acid

therapy. Am J Gastroenterol. 1991;86(9):1194–9.

63. Calmus Y, Gane P, Rouger P, Poupon R. Hepatic expression of class I and class II major

histocompatibility complex molecules in primary biliary cirrhosis: effect of ursodeoxycholic

acid. Hepatology. 1990;11(1):12–5.

64. Tanaka H, Makino Y, Miura T, Hirano F, Okamoto K, Komura K, et al. Ligand-independent

activation of the glucocorticoid receptor by ursodeoxycholic acid. Repression of IFN-

gamma-induced MHC class II gene expression via a glucocorticoid receptor-dependent

pathway. J Immunol. 1996;156(4):1601–8.

65. van Milligen de Wit AW, Kuiper H, Camoglio L, van Bracht J, Jones EA, Tytgat GN, et al.

Does ursodeoxycholic acid mediate immunomodulatory and anti-inflammatory effects in

patients with primary sclerosing cholangitis? Eur J Gastroenterol Hepatol. 1999;11

(2):129–36.

66. Lindor KD, Kowdley KV, Heathcote EJ, Harrison ME, Jorgensen R, Angulo P, et al.

Ursodeoxycholic acid for treatment of nonalcoholic steatohepatitis: results of a randomized

trial. Hepatology. 2004;39(3):770–8. doi:10.1002/hep.20092.

67. Dufour JF, Oneta CM, Gonvers JJ, Bihl F, Cerny A, Cereda JM, et al. Randomized placebo-

controlled trial of ursodeoxycholic acid with vitamin e in nonalcoholic steatohepatitis. Clin

Gastroenterol Hepatol. 2006;4(12):1537–43. doi:10.1016/j.cgh.2006.09.025.

68. Leuschner UF, Lindenthal B, Herrmann G, Arnold JC, Rossle M, Cordes HJ, et al. High-dose

ursodeoxycholic acid therapy for nonalcoholic steatohepatitis: a double-blind, randomized,

placebo-controlled trial. Hepatology. 2010;52(2):472–9. doi:10.1002/hep.23727.

69. Ratziu V, de Ledinghen V, Oberti F, Mathurin P, Wartelle-Bladou C, Renou C, et al. A

randomized controlled trial of high-dose ursodesoxycholic acid for nonalcoholic

steatohepatitis. J Hepatol. 2011;54(5):1011–9. doi:10.1016/j.jhep.2010.08.030.

70. Namisaki T, Noguchi R, Moriya K, Kitade M, Aihara Y, Douhara A, et al. Beneficial effects

of combined ursodeoxycholic acid and angiotensin-II type 1 receptor blocker on hepatic

fibrogenesis in a rat model of nonalcoholic steatohepatitis. J Gastroenterol. 2015; doi:10.

1007/s00535-015-1104-x.

5 Bile Acid as Therapeutic Agents 85

http://dx.doi.org/10.1038/labinvest.3700371
http://dx.doi.org/10.1016/j.bcp.2012.07.008
http://dx.doi.org/10.1042/CS20110184
http://dx.doi.org/10.1056/NEJM199405123301903
http://dx.doi.org/10.1056/NEJM199405123301903
http://dx.doi.org/10.1002/hep.20092
http://dx.doi.org/10.1016/j.cgh.2006.09.025
http://dx.doi.org/10.1002/hep.23727
http://dx.doi.org/10.1016/j.jhep.2010.08.030
http://dx.doi.org/10.1007/s00535-015-1104-x
http://dx.doi.org/10.1007/s00535-015-1104-x


71. Centuori SM, Martinez JD. Differential regulation of EGFR-MAPK signaling by deoxycholic

acid (DCA) and ursodeoxycholic acid (UDCA) in colon cancer. Dig Dis Sci. 2014;59

(10):2367–80. doi:10.1007/s10620-014-3190-7.

72. Payne CM, Crowley-Skillicorn C, Bernstein C, Holubec H, Moyer MP, Bernstein

H. Hydrophobic bile acid-induced micronuclei formation, mitotic perturbations, and

decreases in spindle checkpoint proteins: relevance to genomic instability in colon carcino-

genesis. Nutr Cancer. 2010;62(6):825–40. doi:10.1080/01635581003695756.

73. Qiao D, Stratagouleas ED, Martinez JD. Activation and role of mitogen-activated protein

kinases in deoxycholic acid-induced apoptosis. Carcinogenesis. 2001;22(1):35–41.

74. Im E, Martinez JD. Ursodeoxycholic acid (UDCA) can inhibit deoxycholic acid (DCA)-

induced apoptosis via modulation of EGFR/Raf-1/ERK signaling in human colon cancer

cells. J Nutr. 2004;134(2):483–6.

75. Earnest DL, Holubec H, Wali RK, Jolley CS, Bissonette M, Bhattacharyya AK, et al.

Chemoprevention of azoxymethane-induced colonic carcinogenesis by supplemental dietary

ursodeoxycholic acid. Cancer Res. 1994;54(19):5071–4.

76. Ikegami T, Matsuzaki Y, Shoda J, Kano M, Hirabayashi N, Tanaka N. The chemopreventive

role of ursodeoxycholic acid in azoxymethane-treated rats: suppressive effects on enhanced

group II phospholipase A2 expression in colonic tissue. Cancer Lett. 1998;134(2):129–39.

77. Narisawa T, Fukaura Y, Terada K, Sekiguchi H. Inhibitory effects of ursodeoxycholic acid on

N-methylnitrosourea-induced colon carcinogenesis and colonic mucosal telomerase activity

in F344 rats. J Exp Clin Cancer Res: CR. 1999;18(2):259–66.

78. Kurtz WJ, Guldutuna S, Leuschner U. Differing effect of chenodeoxycholic acid and

ursodeoxycholic acid on bile acids in rat colonic wall and contents. Tokai J Exp Clin Med.

1988;13(2):91–7.

79. Serfaty L, De Leusse A, Rosmorduc O, Desaint B, Flejou JF, Chazouilleres O, et al.

Ursodeoxycholic acid therapy and the risk of colorectal adenoma in patients with primary

biliary cirrhosis: an observational study. Hepatology. 2003;38(1):203–9. doi:10.1053/jhep.

2003.50311.

80. Pardi DS, Loftus Jr EV, Kremers WK, Keach J, Lindor KD. Ursodeoxycholic acid as a

chemopreventive agent in patients with ulcerative colitis and primary sclerosing cholangitis.

Gastroenterology. 2003;124(4):889–93. doi:10.1053/gast.2003.50156.

81. Alberts DS, Martinez ME, Hess LM, Einspahr JG, Green SB, Bhattacharyya AK, et al. Phase

III trial of ursodeoxycholic acid to prevent colorectal adenoma recurrence. J Natl Cancer Inst.

2005;97(11):846–53. doi:10.1093/jnci/dji144.

82. Thompson PA, Wertheim BC, Roe DJ, Ashbeck EL, Jacobs ET, Lance P, et al. Gender

modifies the effect of ursodeoxycholic acid in a randomized controlled trial in colorectal

adenoma patients. Cancer Prev Res. 2009;2(12):1023–30. doi:10.1158/1940-6207.CAPR-09-

0234.

83. Trauner M, Halilbasic E, Claudel T, Steinacher D, Fuchs C, Moustafa T, et al. Potential of

nor-ursodeoxycholic acid in cholestatic and metabolic disorders. Dig Dis. 2015;33(3):433–9.

doi:10.1159/000371904.

84. Hofmann AF, Zakko SF, Lira M, Clerici C, Hagey LR, Lambert KK, et al. Novel biotrans-

formation and physiological properties of norursodeoxycholic acid in humans. Hepatology.

2005;42(6):1391–8. doi:10.1002/hep.20943.

85. Fickert P, Wagner M, Marschall HU, Fuchsbichler A, Zollner G, Tsybrovskyy O, et al.

24-norUrsodeoxycholic acid is superior to ursodeoxycholic acid in the treatment of sclerosing

cholangitis in Mdr2 (Abcb4) knockout mice. Gastroenterology. 2006;130(2):465–81. doi:10.

1053/j.gastro.2005.10.018.

86. Fickert P, Pollheimer MJ, Silbert D, Moustafa T, Halilbasic E, Krones E, et al. Differential

effects of norUDCA and UDCA in obstructive cholestasis in mice. J Hepatol. 2013;58

(6):1201–8. doi:10.1016/j.jhep.2013.01.026.

87. Ruetz S, Gros P. Phosphatidylcholine translocase: a physiological role for the mdr2 gene.

Cell. 1994;77(7):1071–81.

86 Y. Yamanashi et al.

http://dx.doi.org/10.1007/s10620-014-3190-7
http://dx.doi.org/10.1080/01635581003695756
http://dx.doi.org/10.1053/jhep.2003.50311
http://dx.doi.org/10.1053/jhep.2003.50311
http://dx.doi.org/10.1053/gast.2003.50156
http://dx.doi.org/10.1093/jnci/dji144
http://dx.doi.org/10.1158/1940-6207.CAPR-09-0234
http://dx.doi.org/10.1158/1940-6207.CAPR-09-0234
http://dx.doi.org/10.1159/000371904
http://dx.doi.org/10.1002/hep.20943
http://dx.doi.org/10.1053/j.gastro.2005.10.018
http://dx.doi.org/10.1053/j.gastro.2005.10.018
http://dx.doi.org/10.1016/j.jhep.2013.01.026


88. Deleuze JF, Jacquemin E, Dubuisson C, Cresteil D, Dumont M, Erlinger S, et al. Defect of

multidrug-resistance 3 gene expression in a subtype of progressive familial intrahepatic

cholestasis. Hepatology. 1996;23(4):904–8. doi:10.1002/hep.510230435.

89. Denk GU, Maitz S, Wimmer R, Rust C, Invernizzi P, Ferdinandusse S, et al. Conjugation is

essential for the anticholestatic effect of NorUrsodeoxycholic acid in taurolithocholic acid-

induced cholestasis in rat liver. Hepatology. 2010;52(5):1758–68. doi:10.1002/hep.23911.

90. Inagaki T, Choi M, Moschetta A, Peng L, Cummins CL, McDonald JG, et al. Fibroblast

growth factor 15 functions as an enterohepatic signal to regulate bile acid homeostasis. Cell

Metab. 2005;2(4):217–25. doi:10.1016/j.cmet.2005.09.001.

91. Kurosu H, Choi M, Ogawa Y, Dickson AS, Goetz R, Eliseenkova AV, et al. Tissue-specific

expression of beta Klotho and fibroblast growth factor (FGF) receptor Isoforms determines

metabolic activity of FGF19 and FGF21. J Biol Chem. 2007;282(37):26687–95. doi:10.1074/

jbc.M704165200.

92. Okuwaki M, Takada T, Iwayanagi Y, Koh S, Kariya Y, Fujii H, et al. LXR alpha

transactivates mouse organic solute transporter alpha and beta via IR-1 elements shared

with FXR. Pharm Res. 2007;24(2):390–8. doi:10.1007/s11095-006-9163-6.

93. Calkin AC, Tontonoz P. Transcriptional integration of metabolism by the nuclear sterol-

activated receptors LXR and FXR. Nat Rev Mol Cell Biol. 2012;13(4):213–24. doi:10.1038/

nrm3312.

94. Keitel V, Donner M, Winandy S, Kubitz R, Haussinger D. Expression and function of the bile

acid receptor TGR5 in Kupffer cells. Biochem Biophys Res Commun. 2008;372(1):78–84.

doi:10.1016/j.bbrc.2008.04.171.

95. Thomas C, Gioiello A, Noriega L, Strehle A, Oury J, Rizzo G, et al. TGR5-mediated bile acid

sensing controls glucose homeostasis. Cell Metab. 2009;10(3):167–77. doi:10.1016/j.cmet.

2009.08.001.

96. Katsuma S, Hirasawa A, Tsujimoto G. Bile acids promote glucagon-like peptide-1 secretion

through TGR5 in a murine enteroendocrine cell line STC-1. Biochem Biophys Res Commun.

2005;329(1):386–90. doi:10.1016/j.bbrc.2005.01.0139.

97. Watanabe M, Houten SM, Mataki C, Christoffolete MA, Kim BW, Sato H, et al. Bile acids

induce energy expenditure by promoting intracellular thyroid hormone activation. Nature.

2006;439(7075):484–9. doi:10.1038/nature04330.

98. Pellicciari R, Fiorucci S, Camaioni E, Clerici C, Costantino G, Maloney PR, et al. 6 alpha-

ethyl-chenodeoxycholic acid (6-ECDCA), a potent and selective FXR agonist endowed with

anticholestatic activity. J Med Chem. 2002;45(17):3569–72. doi:Unsp Jm025529g doi:10.

1021/Jm025529g.

99. Pellicciari R, Gioiello A, Macchiarulo A, Thomas C, Rosatelli E, Natalini B, et al. Discovery

of 6 alpha-Ethyl-23(S)-methylcholic acid (S-EMCA, INT-777) as a potent and selective

agonist for the TGR5 receptor, a novel target for diabesity. J Med Chem. 2009;52

(24):7958–61. doi:10.1021/jm901390p.

100. Rizzo G, Passeri D, De Franco F, Ciaccioli G, Donadio L, Rizzo G, et al. Functional

characterization of the semisynthetic bile acid derivative INT-767, a dual farnesoid X

receptor and TGR5 agonist. Mol Pharmacol. 2010;78(4):617–30. doi:10.1124/mol.110.

064501.

101. Fiorucci S, Distrutti E, Ricci P, Giuliano V, Donini A, Baldelli F. Targeting FXR in

cholestasis: hype or hope. Expert Opin Ther Targets. 2014;18(12):1449–59. doi:10.1517/

14728222.2014.956087.

102. Hirschfield GM, Mason A, Luketic V, Lindor K, Gordon SC, Mayo M, et al. Efficacy of

obeticholic acid in patients with primary biliary cirrhosis and inadequate response to

ursodeoxycholic acid. Gastroenterology. 2015;148(4):751–U347. doi:10.1053/j.gastro.

2014.12.005.

103. Neuschwander-Tetri BA, Loomba R, Sanyal AJ, Lavine JE, Van Natta ML, Abdelmalek MF,

et al. Farnesoid X nuclear receptor ligand obeticholic acid for non-cirrhotic, non-alcoholic

5 Bile Acid as Therapeutic Agents 87

http://dx.doi.org/10.1002/hep.510230435
http://dx.doi.org/10.1002/hep.23911
http://dx.doi.org/10.1016/j.cmet.2005.09.001
http://dx.doi.org/10.1074/jbc.M704165200
http://dx.doi.org/10.1074/jbc.M704165200
http://dx.doi.org/10.1007/s11095-006-9163-6
http://dx.doi.org/10.1038/nrm3312
http://dx.doi.org/10.1038/nrm3312
http://dx.doi.org/10.1016/j.bbrc.2008.04.171
http://dx.doi.org/10.1016/j.cmet.2009.08.001
http://dx.doi.org/10.1016/j.cmet.2009.08.001
http://dx.doi.org/10.1016/j.bbrc.2005.01.0139
http://dx.doi.org/10.1038/nature04330
http://dx.doi.org/10.1021/Jm025529g
http://dx.doi.org/10.1021/Jm025529g
http://dx.doi.org/10.1021/jm901390p
http://dx.doi.org/10.1124/mol.110.064501
http://dx.doi.org/10.1124/mol.110.064501
http://dx.doi.org/10.1517/14728222.2014.956087
http://dx.doi.org/10.1517/14728222.2014.956087
http://dx.doi.org/10.1053/j.gastro.2014.12.005
http://dx.doi.org/10.1053/j.gastro.2014.12.005


steatohepatitis (FLINT): a multicentre, randomised, placebo-controlled trial. Lancet.

2015;385(9972):956–65. doi:10.1016/S0140-6736(14)61933-4.

104. Alemi F, Kwon E, Poole DP, Lieu T, Lyo V, Cattaruzza F, et al. The TGR5 receptor mediates

bile acid-induced itch and analgesia. J Clin Investig. 2013;123(4):1513–30. doi:10.1172/

JCI64551.

105. MakishimaM, Lu TT, Xie W,Whitfield GK, Domoto H, Evans RM, et al. Vitamin D receptor

as an intestinal bile acid sensor. Science. 2002;296(5571):1313–6. doi:10.1126/science.

1070477.

106. Staudinger JL, Goodwin B, Jones SA, Hawkins-Brown D, MacKenzie KI, LaTour A, et al.

The nuclear receptor PXR is a lithocholic acid sensor that protects against liver toxicity. Proc

Natl Acad Sci USA. 2001;98(6):3369–74. doi:10.1073/pnas.051551698.

107. Out C, Groen AK, Brufau G. Bile acid sequestrants: more than simple resins. Curr Opin

Lipidol. 2012;23(1):43–55. doi:10.1097/MOL.0b013e32834f0ef3.

108. Grundy SM, Ahrens EH, Salen G. Interruption of enterohepatic circulation of bile acids in

man – comparative effects of cholestyramine and ileal exclusion on cholesterol metabolism. J

Lab Clin Med. 1971;78(1):94.

109. Herrema H, Meissner M, van Dijk TH, Brufau G, Boverhof R, Oosterveer MH, et al. Bile salt

sequestration induces hepatic de novo lipogenesis through farnesoid X receptor- and liver X

receptor alpha-controlled metabolic pathways in mice. Hepatology. 2010;51(3):806–16.

doi:10.1002/hep.23408.

110. Sato R. Sterol metabolism and SREBP activation. Arch Biochem Biophys. 2010;501

(2):177–81. doi:10.1016/j.abb.2010.06.004.

111. Couture P, Lamarche B. Ezetimibe and bile acid sequestrants: impact on lipoprotein metab-

olism and beyond. Curr Opin Lipidol. 2013;24(3):227–32. doi:10.1097/MOL.

0b013e3283613a55.

112. Rosenblum SB, Huynh T, Afonso A, Davis HR, Yumibe N, Clader JW, et al. Discovery of

1-(4-fluorophenyl)-(3R)-[3-(4-fluorophenyl)-(3S)-hydroxypropyl]-(4S)-(4-hydroxyphenyl)-

2-azetidinone (SCH 58235): a designed, potent, orally active inhibitor of cholesterol absorp-

tion. J Med Chem. 1998;41(6):973–80. doi:10.1021/Jm970701f.

113. Altmann SW, Davis HR, Zhu LJ, Yao XR, Hoos LM, Tetzloff G, et al. Niemann-Pick C1 like

1 protein is critical for intestinal cholesterol absorption. Science. 2004;303(5661):1201–4.

doi:10.1126/Science.1093131.

114. Yamanashi Y, Takada T, Suzuki H. Niemann-Pick C1-like 1 overexpression facilitates

ezetimibe-sensitive cholesterol and beta-sitosterol uptake in CaCo-2 cells. J Pharmacol Exp

Ther. 2007;320(2):559–64. doi:10.1124/jpet.106.114181.

115. Ventimiglia JB, Levesque MC, Chang TY. Preparation and characterization of unilamellar

vesicles from cholate phospholipid micelle treated with cholestyramine. Anal Biochem.

1986;157(2):323–30. doi:10.1016/0003-2697(86)90633-0.

116. Garg A, Grundy SM. Cholestyramine therapy for dyslipidemia in non-insulin-dependent

diabetes-mellitus – a short-term, double-blind. Crossover Trial Ann Intern Med. 1994;121

(6):416–22.

117. Handelsman Y, Goldberg RB, Garvey WT, Fonseca VA, Rosenstock J, Jones MR, et al.

Colesevelam hydrochloride to treat hypercholesterolemia and improve glycemia in predia-

betes: a randomized. Prospect Study Endocrinol Pract. 2010;16(4):617–28. doi:10.4158/

EP10129.OR.

118. Yamakawa T, Takano T, Utsunomiya H, Kadonosono K, Okamura A. Effect of colestimide

therapy for glycemic control in type 2 diabetes mellitus with hypercholesterolemia. Endocr

J. 2007;54(1):53–8. doi:10.1507/Endocrj.K05-098.

119. Chen LH, McNulty J, Anderson D, Liu YP, Nystrom C, Bullard S, et al. Cholestyramine

reverses hyperglycemia and enhances glucose-stimulated glucagon-like peptide 1 release in

Zucker diabetic fatty rats. J Pharmacol Exp Ther. 2010;334(1):164–70. doi:10.1124/jpet.110.

166892.

88 Y. Yamanashi et al.

http://dx.doi.org/10.1016/S0140-6736(14)61933-4
http://dx.doi.org/10.1172/JCI64551
http://dx.doi.org/10.1172/JCI64551
http://dx.doi.org/10.1126/science.1070477
http://dx.doi.org/10.1126/science.1070477
http://dx.doi.org/10.1073/pnas.051551698
http://dx.doi.org/10.1097/MOL.0b013e32834f0ef3
http://dx.doi.org/10.1002/hep.23408
http://dx.doi.org/10.1016/j.abb.2010.06.004
http://dx.doi.org/10.1097/MOL.0b013e3283613a55
http://dx.doi.org/10.1097/MOL.0b013e3283613a55
http://dx.doi.org/10.1021/Jm970701f
http://dx.doi.org/10.1126/Science.1093131
http://dx.doi.org/10.1124/jpet.106.114181
http://dx.doi.org/10.1016/0003-2697(86)90633-0
http://dx.doi.org/10.4158/EP10129.OR
http://dx.doi.org/10.4158/EP10129.OR
http://dx.doi.org/10.1507/Endocrj.K05-098
http://dx.doi.org/10.1124/jpet.110.166892
http://dx.doi.org/10.1124/jpet.110.166892


120. Shang Q, Saumoy M, Holst JJ, Salen G, Xu GR. Colesevelam improves insulin resistance in a

diet-induced obesity (F-DIO) rat model by increasing the release of GLP-1. Am J Physiol-

Gastrointest Liver. 2010;298(3):G419–G24. doi:10.1152/ajpgi.00362.2009.

121. Suzuki T, Oba K, Igari Y, Matsumura N, Watanabe K, Futami-Suda S, et al. Colestimide

lowers plasma glucose levels and increases plasma glucagon-like PEPTIDE-1 (7-36) levels in

patients with type 2 diabetes mellitus complicated by hypercholesterolemia. J Nippon Med

Sch Nippon Ika Daigaku Zasshi. 2007;74(5):338–43.

122. Harach T, Pols TWH, Nomura M, Maida A, Watanabe M, Auwerx J et al. TGR5 potentiates

GLP-1 secretion in response to anionic exchange resins. Sci Rep-Uk. 2012;2. doi:Artn

430, 10.1038/Srep00430.

123. Prawitt J, Abdelkarim M, Stroeve JHM, Popescu I, Duez H, Velagapudi VR, et al. Farnesoid

X receptor deficiency improves glucose homeostasis in mouse models of obesity. Diabetes.

2011;60(7):1861–71. doi:10.2337/db11-0030.

124. Li F, Jiang CT, Krausz KW, Li YF, Albert I, Hao HP et al. Microbiome remodelling leads to

inhibition of intestinal farnesoid X receptor signalling and decreased obesity. Nat Commun.

2013;4. doi:Artn 2384, 10.1038/Ncomms3384.

125. Fang S, Suh JM, Reilly SM, Yu E, Osborn O, Lackey D, et al. Intestinal FXR agonism

promotes adipose tissue browning and reduces obesity and insulin resistance. Nat Med.

2015;21(2):71–7. doi:10.1038/nm.3760.

126. Trabelsi MS, Daoudi M, Prawitt J, Ducastel S, Touche V, Sayin SI et al. Farnesoid X receptor

inhibits glucagon-like peptide-1 production by enteroendocrine L cells. Nat Commun.

2015;6. doi:Artn 7629, 10.1038/Ncomms8629.

127. Narushima K, Takada T, Yamanashi Y, Suzuki H. Niemann-pick C1-like 1 mediates alpha-

tocopherol transport. Mol Pharmacol. 2008;74(1):42–9. doi:10.1124/mol.107.043034.

128. Takada T, Suzuki H. Molecular mechanisms of membrane transport of vitamin E. Mol Nutr

Food Res. 2010;54(5):616–22. doi:10.1002/mnfr.200900481.

129. Takada T, Yamanashi Y, Konishi K, Yamamoto T, Toyoda Y, Masuo Y, et al. NPC1L1 is a

key regulator of intestinal vitamin K absorption and a modulator of warfarin therapy. Sci

Transl Med. 2015;7(275):275ra23. doi:10.1126/scitranslmed.3010329.

130. Watanabe M, Houten SM, Wang L, Moschetta A, Mangelsdorf DJ, Heyman RA, et al. Bile

acids lower triglyceride levels via a pathway involving FXR, SHP, and SREBP-1c. J Clin

Invest. 2004;113(10):1408–18. doi:10.1172/JCI21025.

131. Pineda Torra I, Claudel T, Duval C, Kosykh V, Fruchart JC, Staels B. Bile acids induce the

expression of the human peroxisome proliferator-activated receptor alpha gene via activation

of the farnesoid X receptor. Mol Endocrinol. 2003;17(2):259–72. doi:10.1210/me.2002-

0120.

132. Kariya Y, Honma M, Suzuki H. Systems-based understanding of pharmacological responses

with combinations of multidisciplinary methodologies. Biopharm Drug Dispos. 2013;34

(9):489–507. doi:10.1002/bdd.1865.

133. Brufau G, Stellaard F, Prado K, Bloks VW, Jonkers E, Boverhof R, et al. Improved glycemic

control with colesevelam treatment in patients with type 2 diabetes is not directly associated

with changes in bile acid metabolism. Hepatology. 2010;52(4):1455–64. doi:10.1002/hep.

23831.

134. The Lipid Research Clinics Coronary Primary Prevention Trial results. I. Reduction in

incidence of coronary heart disease. Jama. 1984;251(3):351–64.

135. Brensike JF, Levy RI, Kelsey SF, Passamani ER, Richardson JM, Loh IK, et al. Effects of

therapy with cholestyramine on progression of coronary arteriosclerosis: results of the

NHLBI Type II Coronary Intervention Study. Circulation. 1984;69(2):313–24.

136. Hunninghake DB, Stein EA, Bremner WF, Greenland P, Demke DM, Oliphant TH. Dose –

response study of colestipol tablets in patients with moderate hypercholesterolemia. Am J

Ther. 1995;2(3):180–9.

137. Insull Jr W, Toth P, Mullican W, Hunninghake D, Burke S, Donovan JM, et al. Effectiveness

of colesevelam hydrochloride in decreasing LDL cholesterol in patients with primary

5 Bile Acid as Therapeutic Agents 89

http://dx.doi.org/10.1152/ajpgi.00362.2009
http://dx.doi.org/10.1038/Srep00430
http://dx.doi.org/10.2337/db11-0030
http://dx.doi.org/10.1038/Ncomms3384
http://dx.doi.org/10.1038/nm.3760
http://dx.doi.org/10.1038/Ncomms8629
http://dx.doi.org/10.1124/mol.107.043034
http://dx.doi.org/10.1002/mnfr.200900481
http://dx.doi.org/10.1126/scitranslmed.3010329
http://dx.doi.org/10.1172/JCI21025
http://dx.doi.org/10.1210/me.2002-0120
http://dx.doi.org/10.1210/me.2002-0120
http://dx.doi.org/10.1002/bdd.1865
http://dx.doi.org/10.1002/hep.23831
http://dx.doi.org/10.1002/hep.23831


hypercholesterolemia: a 24-week randomized controlled trial. Mayo Clin Proc. 2001;76

(10):971–82. doi:10.4065/76.10.971.

138. Denke MA, Grundy SM. Efficacy of low-dose cholesterol-lowering drug therapy in men with

moderate hypercholesterolemia. Arch Intern Med. 1995;155(4):393–9.

139. Suzuki T, Oba K, Igari Y, Watanabe K, Matsumura N, Futami-Suda S, et al. Effects of bile-

acid-binding resin (colestimide) on blood glucose and visceral fat in Japanese patients with

type 2 diabetes mellitus and hypercholesterolemia: an open-label, randomized, case-control,

crossover study. J Diabetes Complicat. 2012;26(1):34–9. doi:10.1016/j.jdiacomp.2011.11.

008.

140. Brown G, Albers JJ, Fisher LD, Schaefer SM, Lin JT, Kaplan C, et al. Regression of coronary

artery disease as a result of intensive lipid-lowering therapy in men with high levels of

apolipoprotein B. N Engl J Med. 1990;323(19):1289–98. doi:10.1056/

NEJM199011083231901.

141. Hunninghake D, Insull Jr W, Toth P, Davidson D, Donovan JM, Burke SK. Coadministration

of colesevelam hydrochloride with atorvastatin lowers LDL cholesterol additively. Athero-

sclerosis. 2001;158(2):407–16.

142. Davidson MH, Toth P, Weiss S, McKenney J, Hunninghake D, Isaacsohn J, et al. Low-dose

combination therapy with colesevelam hydrochloride and lovastatin effectively decreases

low-density lipoprotein cholesterol in patients with primary hypercholesterolemia. Clin

Cardiol. 2001;24(6):467–74.

143. Knapp HH, Schrott H, Ma P, Knopp R, Chin B, Gaziano JM, et al. Efficacy and safety of

combination simvastatin and colesevelam in patients with primary hypercholesterolemia. Am

J Med. 2001;110(5):352–60.

144. Bays H, Rhyne J, Abby S, Lai YL, Jones M. Lipid-lowering effects of colesevelam HCl in

combination with ezetimibe. Curr Med Res Opin. 2006;22(11):2191–200. doi:10.1185/

030079906X148436.

145. McKenney J, Jones M, Abby S. Safety and efficacy of colesevelam hydrochloride in

combination with fenofibrate for the treatment of mixed hyperlipidemia. Curr Med Res

Opin. 2005;21(9):1403–12. doi:10.1185/030079905X59157.

146. Handelsman Y, Goldberg RB, Garvey WT, Fonseca VA, Rosenstock J, Jones MR, et al.

Colesevelam hydrochloride to treat hypercholesterolemia and improve glycemia in predia-

betes: a randomized, prospective study. Endocr Pract. 2010;16(4):617–28. doi:10.4158/

EP10129.OR.

147. Garg A, Grundy SM. Cholestyramine therapy for dyslipidemia in non-insulin-dependent

diabetes mellitus. A short-term, double-blind, crossover trial. Ann Intern Med. 1994;121

(6):416–22.

148. Bays HE, Goldberg RB, Truitt KE, Jones MR. Colesevelam hydrochloride therapy in patients

with type 2 diabetes mellitus treated with metformin: glucose and lipid effects. Arch Intern

Med. 2008;168(18):1975–83. doi:10.1001/archinte.168.18.1975.

149. Fonseca VA, Rosenstock J, Wang AC, Truitt KE, Jones MR. Colesevelam HCl improves

glycemic control and reduces LDL cholesterol in patients with inadequately controlled type

2 diabetes on sulfonylurea-based therapy. Diabetes Care. 2008;31(8):1479–84. doi:10.2337/

dc08-0283.

90 Y. Yamanashi et al.

http://dx.doi.org/10.4065/76.10.971
http://dx.doi.org/10.1016/j.jdiacomp.2011.11.008
http://dx.doi.org/10.1016/j.jdiacomp.2011.11.008
http://dx.doi.org/10.1056/NEJM199011083231901
http://dx.doi.org/10.1056/NEJM199011083231901
http://dx.doi.org/10.1185/030079906X148436
http://dx.doi.org/10.1185/030079906X148436
http://dx.doi.org/10.1185/030079905X59157
http://dx.doi.org/10.4158/EP10129.OR
http://dx.doi.org/10.4158/EP10129.OR
http://dx.doi.org/10.1001/archinte.168.18.1975
http://dx.doi.org/10.2337/dc08-0283
http://dx.doi.org/10.2337/dc08-0283


Part II

Bile Acids and Diseases



Chapter 6

Bile Acids and Gallstones: Epidemiology,

Pathogenesis, Diagnosis, and Management

Susumu Tazuma

Abstract Gallstone disease is a major health problem in the world. There are two

major types of stones, cholesterol stones and pigment stones, classified by dominant

constituents such as cholesterol and/or bilirubin. Cholesterol stones and black

pigment stones are primarily formed in the gallbladder, whereas brown pigment

stones are frequently formed in biliary tracts. Since bile acids are dictating the

solubility of cholesterol and somehow bilirubin in bile, the gallstone pathogenesis is

based, at least in part, upon the defect of bile acid metabolism. In this chapter,

pathogenesis and clinical management of gallstone diseases are summarized.

Keywords Cholesterol gallstone • Pigment gallstone • Common bile stone • Bile

acid • Cholesterol • Phospholipids • Bilirubin • ATP-dependent binding cassette

transporters • Nuclear receptors

6.1 Introduction

Gallstone disease is a major health problem worldwide. Based upon various

surveys, it is known to have an extremely high prevalence in American Indians

and Northern Europeans, fairly lower in European and American whites, interme-

diate in Asians and black Americans, and quite low in black Africans [1, 2]. Gender

dominancy varies, and a recent survey in Japan reveals the male predominance in

overall prevalence, despite the female dominancy being evident in the 1990s [3]. In

addition, an increased overall mortality has recently been reported in those with

gallstones in the United States, and main causes of death are diabetes and cardio-

vascular diseases, but not cancers [4]. Another intensive interest of this report is that

cholecystectomy increases the mortality as an independent risk factor. Taken

together, gallstone pathogenesis is based presumably upon both immutable and
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circumstantial factors, and therefore, clinical managements for gallstone diseases

are to be modified in the light of update evidences including epidemiology.

6.2 Epidemiology, Risk Factors, and Classification

The prevalence of gallstone diseases has recently been defined in population

surveys [1, 2]. The highest prevalence occurs in North American Indians such as

Pima Indians with a gender distribution of 60% in women. Such a high prevalence

is also evident in Europe, especially in Norway and Germany, with a female

predominance, but intermediate prevalence rates occur in Asian populations. In

this regard, the recent report of a nationwide survey in Japan provides the male

predominance [3], and, thus, circumstantial factors are to be involved into ethnicity.

Certain risk factors for gallstones are immutable, female gender, increasing age,

and ethnicity/family, whereas modifiable factors are obesity, rapid weight loss,

drugs, and certain diseases: liver cirrhosis, inflammatory bowel disease, and,

further, total parenteral nutrition (TPN)-associated gallbladder stasis [1]. Gallstone

diseases are associated with metabolic disorders and/or inappropriate nutrition and

seemingly share risk factors with metabolic syndrome such as obesity and

dyslipidemias [5].

Gallstone pathogenesis is multifactorial. Risk factors identified are ethnicity,

genetics, advancing age, and female gender as unmodifiable. In addition, diet,

physical activity, rapid weight loss, and obesity are other modifiable factors [6–

13]. Gallstones are primarily classified into cholesterol stone and pigment stone

according to the major constituents. Thus, defects of hepatic metabolism of lipids

and organic anions lead to gallstone formation. Pigment stones appear in two major

forms, “black” and “brown.” Black pigment stones consist dominantly of calcium

bilirubinate polymer, overproduced under hemolysis, whereas brown pigment

stones are associated with biliary infections [11–13]. Cholesterol stone and black

pigment stone are found frequently in the gallbladder, whereas brown pigment

stones are mostly found in common bile ducts (Table 6.1). Gallstone pathogenesis

is in a complex interaction of genetic and environmental risk factors.

6.3 Cholesterol Gallstone Pathogenesis

Cholesterol gallstone formation is processed by two major steps: (1) metabolic
abnormalities, genetics and defects of lipid metabolism, and (2) physical-chemical
events, bile cholesterol supersaturation, cholesterol crystal nucleation, and crystal

growth to macroscopic stones (Table 6.2). The gallbladder and intestines play a role

in these processes.
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6.3.1 Metabolic Abnormalities

Cholesterol gallstone formation is based primarily upon the defect of cholesterol

homeostasis mainly in the hepatobiliary system [5–13]. Cholesterol is an insoluble

molecule that is eliminated from the liver into bile through ATP-binding cassette

transporter (ABC) G5/G8, and, similarly, biliary secretion of phospholipids and bile

acids is mediated by ABCB4 (MDR3) and ABCB11 (BSEP), respectively

(Fig. 6.1). Bile cholesterol is predominantly originated from high-density lipopro-

tein (HDL) fraction, and the hepatic uptake of HDL cholesterol is mediated through

scavenger receptor class B type 1 (SRB1), a receptor for HDL [14–22]. Under

physiological circumstances, cholesterol in bile is a solubilized bile salt micelle,

which is physicochemically stabilized. Once metabolic defects occur, bile becomes

metastable due to cholesterol supersaturation to promote cholesterol crystallization,

the so-called nucleation, an initial step for cholesterol gallstone formation.

Bile acids are capable for solubilizing bile cholesterol by forming micelles, and

such a cholesterol solubility is based upon a relative composition of cholesterol to

bile acid and phospholipids. Especially, the bile acid composition in an

enterohepatic circulation pool is a crucial factor to dictate potential to solubilize

cholesterol. In this regard, deoxycholate, a secondary bile acid, is increased in

enterohepatic circulation pool in cholesterol gallstone disease [23]. Since

deoxycholate suppresses hepatic de novo synthesis of primary bile salt, biliary

cholesterol secretion relatively increases to enhance bile cholesterol saturation

[24]. Intestinal hypomotility induces prolonged intestinal transit times to prolong

exposure time of primary bile salt, cholate, to gut microbiota to produce

deoxycholate, and, therefore, this eventually attributes gallstone formation [25, 26].

Table 6.1 Classification of gallstones based on biochemical structure

Gallbladder stones CBD stones

Cholesterol stone (%) 58.3 31.1

Bilirubin stone

Black pigment stone (%) 23.7 11.8

Brown pigment stone (%) 15.9 54.3

Others (%) 2.1 2.8

Table 6.2 Cholesterol

gallstone pathogenesis
Genetics and defects of lipid metabolism

#
Bile cholesterol supersaturation

#
Cholesterol crystal nucleation

#
Crystal growth to macroscopic stones

#
(Clinical symptoms)
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6.3.2 Cholesterol Crystal Nucleation and Growth
to Macroscopic Gallstones

The cholesterol crystal nucleation process is accelerated by mucins produced and

secreted by the gallbladder wall, and such a gallbladder function is mediated

through arachidonate-prostanoid pathway (Fig. 6.2). The gallbladder epithelium

absorbs lipids from bile in a different manner for cholesterol, phospholipid, and bile

salts to reduce bile cholesterol saturation, and its impairment leads to formation of

metastable bile [27, 28]. Thus, gallbladder dysfunction in motility plays a role in

cholesterol gallstone formation process [28, 29], and contractility defects associ-

ated with cholesterol gallstones are attributable to excess membrane accumulation

in gallbladder smooth muscle cells of bile cholesterol [30–32]. Further, increases in

mucin synthesis and secretion of the gallbladder, mediated by arachidonate-

prostanoid pathway, accelerate cholesterol crystallization and growth, and eventu-

ally macroscopic gallstones form in the gallbladder cavity.

Studies in model and native bile have suggested the presence of two distinct

mechanisms for cholesterol crystallization [33]. In bile with relatively high phos-

phatidylcholine contents, aggregation and fusion of cholesterol-rich vesicles result

in the formation of multilamellar vesicles, which give rise to cholesterol

monohydrate crystals [34, 35] as summarized in Fig. 6.3. At lower phosphatidyl-

choline contents, vesicles may become unstable and spawn anhydrous cholesterol

crystals. This occurs similarly with increasing of cholesterol in composition. Such a

microscopic event of cholesterol crystal nucleation in in vitro study using the

Fig. 6.1 Formation of bile supersaturated with cholesterol (Reused with permission from Ref.

[87]). Bile cholesterol is predominantly originated from HDL and secreted through ABCG5/

ABCG8. Excess cholesterol leads to bile supersaturation, with a relatively high ratio to phospho-

lipids and bile acid
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supersaturated model bile solution is shown in Fig. 6.4. Cholesterol crystal nucle-

ation is dictated in a balance of nucleation-effecter substances of promoters and

inhibitors and protein and non-protein components [36]. Meanwhile, concanavalin

A-binding fraction has been reported to promote cholesterol crystallization in bile

Fig. 6.2 Events for cholesterol gallstone formation process in the gallbladder (Reused with

permission from Ref. [87]). Cholesterol crystal nucleation and growth are promoted by mucin

hypersecretion mediated through arachidonate-prostanoid pathway

Fig. 6.3 Bile lipid particulate species and cholesterol crystallization (Reused with permission

from Ref. [11])
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[37] and, thereafter, demonstrated to contain pronase-resistant glycoprotein com-

ponent of the low-density protein-lipid complex, the carcinoembryonic antigen-

related adhesion molecule 1 [38]. Taken together, crystallization-effecting poten-

tials of biliary components are based upon imbalance among anti- and

pro-nucleating factors.

6.3.3 Role of Genetics

Human susceptibility to cholesterol gallstones is partially under genetic control.

Genetic studies led to significant progress in the characterization of Lith genes that

control cholesterol gallstone formation in mice [39]. Only specific strains of mice

form gallstones by feeding with a lithogenic diet, and a “gallstone map” has been

compiled to the relationships between genetic loci, such as Lith genes, which

control the regulation of nucleating factor expression [40]. Recent progress in

genetics provides the susceptibility of heredity contribution to gallstone formation

for apolipoproteins E and B and cholesterol 7alpha-hydroxylase genes [41–46]. Fur-

ther, based upon understanding of the role of ABCG5 and ABCG8 in digestive

systems, liver and intestine, the association of polymorphism of ABCG8 with

gallstone diseases has been published [47–58]. The most studied loci are D19H,

T400K, and Y54C, and a meta-analysis of the association between each locus and

gallstone disease shows the strong association of D19H polymorphism with gall-

stone disease. T400K and Y54C polymorphism are less associated [56]. Taken

together, the role of disease genetics is still to be elucidated.

Fig. 6.4 Cholesterol crystallization in cholesterol-supersaturated bile
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6.4 Pigment Gallstone Pathogenesis

Pigment stones are divided into two major types, black pigment stone and brown

pigment stone. Black pigment stones consist dominantly of calcium bilirubinate,

produced increasingly under hemolysis. Black pigment gallstones are composed

mostly of polymerized shape of calcium bilirubinate and formed in noninfectious

gallbladder. In contrast, brown pigment stones are formed, following biliary infec-

tion of anaerobic bacteria [59]. In principle, the risk factor is biliary secretion of

excess bilirubin conjugates, resulting from hemolysis, ineffective erythropoiesis, or

induced enterohepatic cycling of unconjugated bilirubin in association with gall-

bladder hypomotility caused by diabetes mellitus, total parenteral nutrition, and

truncal vagotomy [60–63].

Black pigment stones consist of calcium phosphate and/or carbonate, whereas

brown pigment stones are composed of amorphous calcium salts of long-chain

saturated fatty acids. In addition, cholesterol is present in both types, with a higher

proportion for brown pigment stones [64], especially intrahepatic stones [7]. Also, a

mixed mucin glycoprotein matrix secreted by biliary epithelial cells promotes both

types of pigment gallstones on the basis of biliary hypersecretion of bilirubin

conjugates and endogenous biliary β-glucuronidase hydrolysis of bilirubin conju-

gates in gallbladder bile to precipitate as insoluble calcium salts. Further, reactive

oxygen species, secreted by gallbladder mucosa when inflamed, promote precipi-

tation of calcium bilirubinate polymers, and, therefore, its suppression is to be of

therapeutic benefit in pigment gallstone treatment.

6.5 Clinical Managements

Gallstones cause certain typical symptoms: abdominal or back pain, fever, nausea

and/or vomiting, and jaundice. Colic pain at the right upper quadrant is less

frequent, and considerable cases remain asymptomatic. The typical history is to

be as follows: a hypochondrial pain at the right side starts following oily meal,

radiating to the right scapula or shoulder, and thereafter reaches a peak level within

several hour. Usually gallstone-associated pain is improved by stone moving back

to original position or passing through physiological strictures, but most patients

find recurrent pain within 10 years after the first attack [65]. According to the

Japanese Society of Gastroenterology Practice Guidelines for gallstone diseases

2009, asymptomatic gallstone patients are not recommended to undergo therapeu-

tics, but recommended to a conservative follow-up (Fig. 6.5) [66]. Nevertheless,

cases with gallbladder wall thickness or nonfunctioning, or hard condition for

image assessment, can be subjected to prophylactic cholecystectomy. Patients

with increased risk for gallbladder cancer, with large stones of diameter of

>3 cm, and with chronic cholecystitis such as “porcelain gallbladder” are

recommended to prophylactic cholecystectomy [67, 68].

6 Bile Acids and Gallstones: Epidemiology, Pathogenesis, Diagnosis, and Management 99



Symptomatic gallstone patients need treatment, and laparoscopic cholecystec-

tomy is to be a standard modality. The US National Institutes of Health consensus

conference concluded that laparoscopic cholecystectomy is safe and cost-effective

compared with open cholecystectomy [69]. For cases not indicated to surgery,

optional treatments are oral dissolution for cholesterol gallstones; the indication

is to be floating, radiolucent, diameter of <15 mm, CT score <60 HU, and

functioning gallbladder [70–74]. A representative case is successfully treated by a

combination of ursodeoxycholic acid (400 mg per day) and chenodeoxycholic acid

(200 mg per day) that is shown in Fig. 6.6. UDCA monotherapy is also effective in

mixed-type cholesterol gallstone dissolution as shown in Fig. 6.7. The underlying

mechanism(s) of such an action of bile acids is understood as the enhancement of

micelle formation by CDCA and liquid formation to dissolve cholesterol by UDCA

(Fig. 6.8) [75, 76]. Extracorporeal shock wave lithotripsy (ESWL) can be consid-

ered for cholesterol gallstone, solitary, radiolucent, diameter of <20 mm, CT score

<50 HU, and functioning gallbladder. Of the nonsurgical treatment, gallstone

recurrence after treatment together with cost-benefit analysis is the weakness with

less priority compared to laparoscopic cholecystectomy [77]. Bile acid adjuvant

therapy is recommended for this technique in order to shorten a treatment period.

On the other hand, cases complicated with acute cholecystitis are managed

according to severity, periods after onset, and physical status; laparoscopic chole-

cystectomy with or without biliary drainage such as percutaneous transhepatic

gallbladder drainage (PTGBD), percutaneous transhepatic gallbladder aspiration

(PTGBA), endoscopic nasal gallbladder drainage (ENGBD) [78–86].

Fig. 6.5 Flowchart of therapeutic managements [66]
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Fig. 6.6 Bile acid treatment of floating cholesterol gallstones (UDCA + CDCA combination

therapy)

Fig. 6.7 Bile acid treatment of mixed-type cholesterol gallstones (UDCA monotherapy)
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6.6 Future Direction

Recent investigations provide evidences to understand underlying mechanism(s) of

gallstone formation process in the aspects of physiology, physical chemistry,

molecular biology, and genetics of biliary lipid metabolism, supplying ideas of

future strategies for prevention and/or nonsurgical therapeutics, instead for chole-

cystectomy. Based upon epidemiological studies that reveal an increased overall

mortality of gallstone patients in association with diabetes and cardiovascular

diseases, but not cancers, this field should be shifted to handling metabolic disor-

ders for lipids, bile acids, and other nutrients.
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Chapter 7

Bile Acids and Cholestatic Liver Disease 1:

Primary Biliary Cholangitis (PBC)

Atsushi Tanaka

Abstract Primary biliary cholangitis (PBC), formally known as primary biliary

cirrhosis and recently the name was changed with keeping the abbreviation “PBC”

along with a global consensus, is a chronic cholestatic liver disease, potentially

resulting in liver failure. While the aspect of autoimmune disease of PBC was

formally emphasized and immune reactions with lymphocytes against autoantigens

were extensively investigated, the interactions between bile acids and

cholangiocytes have been well clarified in this decade. Cytotoxic hydrophobic

bile acids play an important role in pathogenesis of PBC via defect in the biliary

HCO3
� “umbrella.” This biliary HCO3

� “umbrella” is maintained by Cl�/HCO3
�

exchanger (anion exchanger 2 (AE2)) located at apical surface of cholangiocytes,

and accumulating evidences have indicated that lack or reduction of AE2 activities

is closely associated with PBC. Treatment is targeted to cytotoxicity of hydropho-

bic bile acids; ursodeoxycholic acid (UDCA) exerts its effect through reduction of

cytotoxicity of hydrophobic bile acids and stabilizing biliary HCO3
� umbrella.

Both bezafibrate and obeticholic acids are also capable of reducing cytotoxicity of

hydrophobic bile acids. The alternative treatment is strongly awaited for patients

with PBC refractory to UDCA, and targeting cytotoxicity of hydrophobic bile acids,

as well as immune-based therapies, is expected to be a promising approach for new

pharmacotherapy.

Keywords Ursodeoxycholic acid • Bezafibrate • Anion exchanger 2 • Obeticholic

acids

7.1 Primary Biliary Cholangitis (PBC)

Primary biliary cholangitis, formally known as primary biliary cirrhosis, is a

chronic and progressive cholestatic liver disease, potentially resulting in liver

failure and mortality without liver transplantation [1]. PBC mainly develops in
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middle-aged women and is characterized by elevated cholestatic liver enzymes, the

presence of serum antimitochondrial antibodies (AMA), and pathologically chronic

nonsuppurative destructive cholangitis [1, 2], and clinical guidelines of PBC

recommend that the patient is diagnosed as having PBC if two of these three

were met (Table 7.1) [1, 3, 4]. Although the precise pathophysiology of PBC

remains unsolved, it is generally accepted that autoimmune reactions against bile

duct epithelial cells play a critical role in PBC, and it is reasoned that indeed

immune injury against small intrahepatic bile ducts would be a first step in PBC

pathogenesis. Then intrahepatic cholestasis gradually occurs, leading to further

insult to cholangiocytes by toxic hydrophobic bile acids. The main target of drugs

currently used for PBC is this second step, i.e., reducing the toxicity of bile with

replacement of hydrophobic bile acids with hydrophilic bile acids.

In this review, I would like to take a glance at autoimmunity in PBC and then

discuss the role of bile acids in PBC, as both pathogenicity and therapeutic options.

Besides, I would like to start with recent global agreement about name change of

PBC [5].

7.2 Changing Nomenclature for PBC: From “Cirrhosis”

to “Cholangitis”

It was 1949 when the term “primary biliary cirrhosis” first appeared in the litera-

tures referring to the disease in which small intrahepatic bile ducts were destructed

with massive infiltration of mononuclear cells [6]. The term “primary biliary

cirrhosis” exactly reflected the disease at that time since most of PBC presenting

with advanced liver disease. However, along with introduction of several bio-

markers such as AMA which help physicians to diagnose the disease in much

earlier stage, it is uncommon in these days that the patients are diagnosed as having

PBC in advanced stage; rather, more than 70% of patients with PBC lack any

symptom including variceal rupture, jaundice, and even pruritus [4].

With a global cooperative effort toward the correction of misuse, the Governing

Board of European Association for the Study of the Liver (EASL), the American

Association for the Study of Liver Diseases (AASLD), and the American Gastro-

enterological Association (AGA) approved the proposal for a name change of

primary biliary cirrhosis to primary biliary “cholangitis” from 2014 to 2015,

followed by publish of this statement in eight leading journals, including

Hepatology, J Hepatology, and Gastroenterology [7–9]. At the moment of this

Table 7.1 Diagnostic criteria of PBC

1. Elevated cholestatic liver enzymes (e.g., alkaline phosphatase)

2. Detectable antimitochondrial antibodies (AMA) in sera

3. The presence of chronic nonsuppurative destructive cholangitis

The diagnosis of PBC is made if two of the above three were met
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article was written, the Japan Society of Hepatology (JSH) and Asia Pacific

Association for the Study of the Liver (APASL) have not approved the name

change yet, but are about to move on this direction as well. Hence, I choose the

nomenclature “primary biliary “cholangitis,” instead of “cirrhosis” in this review. It

may be true that the name “primary biliary cholangitis” is somewhat imperfect and

is a tautology. But I believe it is time to go forward to the correction of misused

term, leaving endless debates behind which term would be the best for describing

the pathogenesis of this disease.

7.3 Autoimmunity and PBC

Although the precise pathophysiology of PBC remains unsolved, it is generally

accepted that autoimmune reactions against bile duct epithelial cells play a critical

role, mainly because of the followings. First, AMA, autoantibodies directed to

mitochondrial autoantigens, are detected in more than 90% of patients with PBC.

By contrast, AMA is scarcely seropositive in other autoimmune diseases, and

therefore AMA is a hallmark of PBC. Major targeted autoantigens of AMA are

E2 component of pyruvate dehydrogenase complex (PDC-E2), branched-chain

2-oxo acid dehydrogenase complex (BCOADC-E2), and 2-oxoglutarate dehydro-

genase complex (OGDC-E2), all located in the inner membrane of the mitochondria

[10]. It remains unsolved why these ubiquitous proteins are targeted by AMAwhich

are highly disease-specific autoantibodies in PBC. Second, numerous mononuclear

cells are accumulating around small damaged interlobular bile ductules,

establishing PBC-specific histopathological features called chronic nonsuppurative

destructive cholangitis (CNSDC) [11]. Among these inflammatory infiltrates,

PDC-E2-specific T and B lymphocytes are detected, and obviously these

autoantigen-specific lymphocytes are crucial for pathogenesis of PBC. In addition,

recent studies revealed an important role of innate immunity for etiopathogenesis of

PBC [12–14]. Indeed, NK cells as well as NKT cells increase in the periphery and

liver of PBC [15], and innate immunity is supposed to operate as machinery

attacking bile ducts before adaptive immunity [16]. Third, it is not uncommon

that patients with PBC develop other autoimmune diseases as comorbidities, such

as rheumatoid arthritis, Sjogren’s syndrome, and chronic thyroiditis (Hashimoto’s
disease), suggesting for long that genetic backgrounds are identical in part among

these autoimmune diseases and PBC [4]. Recent evidences with genome-wide

association studies (GWAS) clearly support this hypothesis; a number of suscepti-

ble genes in PBC are shared with other autoimmune diseases including Crohn’s
disease, multiple sclerosis, rheumatoid arthritis, and autoimmune thyroid disease

[17], and it is also notable that most of these shared genes are related to immune

pathways. The identification of shared susceptible genes between PBC and other

autoimmune diseases is also confirmed in Japanese PBC patients [18].
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7.4 Bile Acids as Pathogenesis in PBC

In the past, cholangiocytes were believed to be “innocent victims” in PBC patho-

genesis. Deteriorated immune reactions, both innate and adaptive, against

intrahepatic small biliary ductules result in destruction of bile ducts, and biliary

epithelial cells were supposed to be unilaterally damaged. Recent findings, how-

ever, have revealed that cholangiocytes are not “innocent victims” anymore but are

“actively participating” in this process, and bile acids are important players in

pathogenesis of PBC as well.

The cholangiocytes are physiologically exposed to hydrophobic bile acids,

which are potentially toxic to cholangiocytes. Indeed, in acidic condition glycine

conjugates of bile acids will be protonated and easily pass cell membranes by

simple diffusion. It was also shown that bile acids at pH 4.0, but not pH 7.4, induce

oxidative stress and DNA damage in human esophageal epithelial cells [19]. Addi-

tionally, acidification of bile at the apical membrane may damage cell membranes

and mitochondria, leading to leakage of cytochrome c out of mitochondria and

apoptosis [20].

To survive in this hazardous environment, the apical surface of cholangiocytes is

covered and protected by dense layer of HCO3
� secreted from cholangiocytes,

which keeps luminal pH at alkaline level, resulting in deprotonation of apolar

hydrophobic bile acids and preventing them from permeation into the

cholangiocytes [20]. This biliary HCO3
� “umbrella” is maintained by Cl�/HCO3

� exchanger (anion exchanger 2 (AE2)) located at apical surface of cholangiocytes

(Fig. 7.1).

Accumulating evidences have indicated that damaged biliary HCO3
�

“umbrella” through lack or reduction of AE2 activities is closely associated with

cholangiopathies and PBC. Defects of the biliary HCO3� umbrella due to inade-

quate AE2 expression may lead to the development of chronic cholangiopathies

[21]. Mice lacking AE2 genes (Ae2a, b) related to the replacement of two anions

including HCO3� and Cl� inside and outside the cells indicate the pathology

similar to that of PBC [22]. In human, immunostaining demonstrated that expres-

sion of AE2 was decreased in PBC livers [23]. PBC cholangiocytes exhibit a

widespread failure in the regulation of carriers involved in transepithelial HCO3
�

transport [24]. Genetic analysis revealed that allelic variations in AE2 were asso-

ciated with disease susceptibility and progression of under UDCA therapy

[25]. Finally, recent studies revealed that microRNA (miR-506) was upregulated

in cholangiocytes from PBC patients and was directly associated with diminished

AE2 expression through binding the 30UTR region of AE2 mRNA [26]. Taken

together, destabilization of biliary HCO3� umbrella over the apical membrane with

the reduced expression and inadequate function of AE2 may expose cholangiocytes

to apolar hydrophobic bile acids, thereby contributing to the development and

progression on PBC [20].
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7.5 Bile Acids as Therapeutic Options in PBC

For the moment, ursodeoxycholic acid (UDCA) is the only drug officially approved

for the use in PBC. Besides, although not bile acids, bezafibrate (BF) is frequently

used in patients with PBC refractory to UDCA, yet has not been officially approved

in Japan. The third drug, obeticholic acid (OCA), is now under development and is

expected to be another therapeutic option. All these three are able to diminish

toxicity of hydrophobic bile acids with replacement to hydrophilic bile acids,

stabilizing the biliary HCO3
� umbrella and reducing de novo bile acid synthesis,

and help to keep cholangiocytes intact.

7.5.1 Ursodeoxycholic Acid (UDCA)

UDCA is a naturally occurring hydrophilic bile acid, the 7-β-epimer of the primary

bile acid chenodeoxycholic acid, normally consisting of <5% of the bile acid pool,

while UDCA fraction in bile is enriched up to 50–70% with administration at

recommended dosage, given at 13–15 mg/kg/day (Table 7.1). Since the first report

from Japan indicating the therapeutic effect of UDCA for PBC in 1987 [27], several

lines of evidences including placebo-controlled trials demonstrate that UDCA is

effective for improvement of long-term prognosis of patients with PBC, and

currently UDCA is the only accepted first-line treatment for PBC in several clinical

guidelines [1, 4, 28]. UDCA exerts its effect through reduction of cytotoxicity of

hydrophobic bile acids by upregulation of hepatic transporters BSEP and MDR3

HCO3-

cholangiocytes

Anion exchanger 2
(AE2)

Cl- HCO3-

hydrophobic 
bile acids

Fig. 7.1 Biliary HCO3
� umbrella. Cl�/HCO3

� exchanger (anion exchanger 2, AE2) is located at

apical surface of cholangiocytes and maintains the biliary HCO3
� umbrella, which is crucial for

keeping cholangiocytes intact against hydrophobic bile acids
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and by replacement with hydrophilic bile acids and stabilizing biliary HCO3
�

umbrella with upregulation of AE2 [29], in addition to inhibition of bile acid-

induced hepatocyte and cholangiocyte apoptosis [30, 31].

UDCA 13–15 mg/kg/day is recommended for all patients with PBC, except for

intolerant patients [1, 3, 4]. Safety profile is excellent and no remarkable side

effects are known. Since the dosage in the phase 3 trial for PBC in Japan was

600 mg/day, the officially approved dosage is 600 mg/day; however, it is crucial to

administer appropriate doses of UDCA (13–15 mg/kg/day) for achieving the

maximum efficacy, and therefore increase of UDCA dosage may be required in

somewhat obese patients, especially when refractory to UDCA. The number of

times per day does not alter UDCA fraction in total bile acid pool (Table 7.2), and

administration at BID seems to improve adherence of the drug compared to TID.

UDCA markedly decreases serum ALP and GGT, and in typical cases this decline

is evident 6–12 months after administration. Several criteria using blood tests

6–12 months after commencement of UDCA have been proposed to suggest

optimal responses to UDCA resulting in favorable prognosis (Table 7.3)

[32–37]. Very recently, the consortium from Europe and North America as well

as the UK reported other criteria to predict outcomes of patients with PBC with

employing more than 2,000 PBC patients, called GLOBE score and UK-PBC risk

score, respectively (Table 7.4) [38, 39]. These scores are expected to be used as

surrogate endpoints for clinical studies in the very near future.

On the other hand, there are up to 40% of patients who exhibit suboptimal

response to UDCA treatment [40], and the outcomes of these patients have been

reported to be significantly worse compared to general population [33, 35,

37]. Therefore, the second-line treatment regimens for nonresponders to UDCA

are strongly warranted in clinical setting. Furthermore, UDCA has little effect on

symptoms of PBC including fatigue and pruritus and also on late-stage PBC.

7.5.2 Bezafibrate (BF)

BF is a fibrate drug that is currently approved for the treatment of

hypertriglyceridemia in Japan. Like the other fibrates, BF is an agonist of peroxi-

some proliferator-activated receptors (PPARs), and BF is supposed to exert anti-

cholestatic activity through formation of mixed micelles of bile salts and phospho-

lipids with induction of MDR3 and also through inhibition of CYP7A1, being

linked to decrease de novo bile acid synthesis [41]. Additionally, and probably

more importantly, BF works as a pregnane X receptor (PXR) agonist as well,

leading to upregulation of CYP3A4 and detoxification of toxic bile acids, including

lithocholic acid [41]. In this manner, cytotoxicity of hydrophobic bile acids is

attenuated with administration of BF. It is of note that agonistic function of PXR

is exclusively observed in BF, not in UDCA, and therefore BF administration

additively works for biochemical improvement in PBC with UDCA.
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In 1999, BF was firstly reported by Iwasaki et al. to exhibit biochemical

improvements in patients with PBC [42], and since then small case series and

pilot study confirmed biochemical improvement of BF. Nevertheless, well-

designed phase 3 trials of BF for PBC have not been done, and long-term effect

of BF for prognosis of patients with PBC has not been confirmed. As a result the use

of BF has not been officially approved even in Japan, despite aggressive off-label

use of BF for PBC patients refractory to UDCA. A recent placebo-controlled

randomized study demonstrated that while add-on of BF to UDCA significantly

decreased serum ALP and Mayo score, overall survival did not significantly differ

between UDCA monotherapy and BF add-on [43]. This could be partially

explained by the fact that patients refractory both to UDCA and BF might be

Table 7.2 The proportion of

each bile acid fraction

depending on prescription*

[46]

QD BID TID

UDCA (%) 42� 27 69� 6 56� 25

Glyco-UDCA (%) 23� 16 40� 15 41� 20

Tauro-UDCA (%) 1� 5 3� 3 3� 4

Free UDCA (%) 18� 20 26� 15 12� 22

CA (%) 3� 3 5� 3 7� 7

CDCA (%) 49� 30 24� 6 28� 21

DCA (%) 5� 5 3� 5 8� 5

LCA (%) 1� 1 1� 2 1� 1

CA cholic acid, CDCA chenodeoxycholic acid, DCA deoxycholic

acid, LCA lithocholic acid

* The values are expressed as mean�SD

Table 7.3 Criteria to define response to UDCA

Barcelona [37] 1 year ALP 40% decrease from baseline or normal value

Paris-1 [33] 1 year ALP <3 x ULN, AST <2 x sULN, and normal bilirubin

Rotterdam [35] 1 year Normal bilirubin or albumin

Toronto [36] 2 years ALP <1.67 x ULN

Paris-2 [34] 1 year ALP <1.5 x ULN or AST <1.5 x ULN, and normal bilirubin

Ehime [32] 6 months GGT <70% from baseline or normal value

Table 7.4 GLOBE score and UK-PBC score

GLOBE

score

(0.044378∗age at start of UDCA therapy þ 0.93982∗LN (bilirubin times the

upper limit of normal (ULN) at 1-year follow-up)) þ (0.335648∗LN (alkaline

phosphatase times the ULN at 1-year follow-up)) –2.266708 * albumin level

times the lower limit of normal (LLN) at 1-year follow-up –0.002581∗platelet

count per 109/L at 1-year follow-up) þ 1.216865

UK-PBC

score

1-baseline survival function^exp(0.0287854∗(alp12xuln-1.722136304)�
0.0422873∗(((altast12xuln/10)^� 1)� 8.675729006)þ 1.4199∗(ln(bil12xuln/

10)þ 2.709607778)� 1.960303∗(albxlln-1.17673001)� 0.4161954∗(pltxlln-

1.873564875))

Note: Baseline survivor function ¼ 0. 982 (at 5 years); 0. 941 (at 10 years); 0.893 (at 15 years)
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present and have poorer outcome. Indeed, our large-scale retrospective study

indicated that BF in addition to UDCA itself did not improve survival as well as

development of liver-related symptoms in patients with PBC but only in those who

responded well to coadministration of BF and demonstrated normalization of ALT

[44]. Taken together, the role of BF in patients refractory to UDCA is clearly

present, yet suboptimal.

7.5.3 Obeticholic Acid (OCA)

OCA (6-α-ethyl-chenodeoxycholic acid, INT-747) is a semisynthetic agonist of the

nuclear hormone receptor farnesoid X receptor (FXR). FXR agonist is known to

inhibit CYP7A1, like PPARs, and therefore to be capable of inhibiting de novo

synthesis of bile acids and promoting their secretion. The results of phase 2 clinical

trial of OCA for PBC were recently published [45]. In this double-blind, placebo-

controlled study, 165 PBC patients who were already treated with UDCA, yet in

whom serum ALP levels were more that 1.5-fold the upper limit of normal, were

included. These patients were allocated into four groups: 10 mg, 25 mg, or 50 mg

doses of OCA and placebo, once daily for 3 months. The primary outcome was ALP

reduction after 3 months of OCA treatment. As a result, administration of OCA

achieved significant decrease of ALP compared to placebo. In addition to ALP,

GGT and ALT were also found to reduce with OCA. This reduction of liver

enzymes was not dose dependent and almost equal among three doses. In terms

of drug safety, the most prevalent adverse effect was pruritus, which was noted in

47%, 87%, 80%, and 50% in the OCA 10 mg, 25 mg, and 50 mg and placebo,

respectively. These results suggest that 10 mg of OCA for patients with PBC

refractory to UDCA would be capable of reducing serum ALP and minimizing

adverse effects, especially pruritus. The main concern of this drug, however, is that

OCA could substantially worsen the quality of life of patients with PBC, another

important outcome of this chronic and slowly progressive disease, through deteri-

oration of pruritus. Additionally, it still remains unsolved whether reduction of ALP

is really reliable as a surrogate endpoint for prediction of long-term outcomes.

Currently, in Japan, clinical trial of OCA for nonalcoholic steatohepatitis (NASH)

is ongoing, not for PBC.

7.6 Closing Remarks

As discussed UDCA is the only officially approved drug for PBC worldwide and is

capable of improving the long-term outcome of responded patients. Besides,

responses to UDCA are not favorable in up to 40% of UDCA-treated patients,

and the alternative treatment is strongly awaited for those patients to avoid pro-

gression to cirrhosis and liver transplantation. So far the results of clinical trials for
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generalized immune-based therapies are disappointing, and targeting cytotoxicity

of hydrophobic bile acids such as OCA and other drugs in clinical trials is expected

to be a promising approach.
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Chapter 8

Bile Acids and Cholestatic Liver Disease 2:

Primary Sclerosing Cholangitis

Takahiro Nakazawa

Abstract Primary sclerosing cholangitis (PSC) is a chronic inflammatory disease

characterized by idiopathic fibrous obstruction, leading to hepatic cirrhosis and a

poor prognosis. PSC likely occurs in genetically susceptible individuals, perhaps

after exposure to environmental triggers including toxic bile acids, bacterial infec-

tions, and intestinal pathogens. These could initiate a series of events that involve

complex interactions between the innate and adaptive immune systems, ultimately

leading to lymphocyte migration and cholangiocyte damage. Leakage of bile acids

into the portal tract leads to an inflammatory response and progressive fibrosis.

Therapies for PSC can be classified roughly into two categories: regulation of

immunomechanisms and regulation of bile acids. The former therapies primarily

target the interaction between adhesion molecules and lymphocyte recruitment to

the liver. The latter aim to alter the bile acid pool composition and reduce the total

serum bile acid pool by administration of ursodeoxycholic acid (UDCA) or the C23

homolog of UDCA, stimulation of farnesoid X receptors, and inhibition of apical

sodium-dependent bile acid transporter.

Keywords Primary sclerosing cholangitis • PSC • Bile acid

8.1 Introduction

Primary sclerosing cholangitis (PSC) is a chronic inflammatory disease, character-

ized by idiopathic fibrous obstruction [1]. The fibrosis causes diffuse narrowing of

the intrahepatic and extrahepatic bile ducts. The persistent biliary stasis leads to

hepatic cirrhosis. Liver transplantation is the only potentially curative treatment for

PSC. According to the diagnostic criteria for PSC proposed by the Mayo Clinic in

1999 [1] and 2003 [2], in addition to cholangiographic findings, the presence of

inflammatory bowel disease (IBD) is important.
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8.2 Etiology of PSC

The etiology of PSC is still poorly understood. Toxic bile acids, such as

lithocholate, were regarded as etiologic factors for the association between PSC

and IBD [3]. However, this idea was abandoned, because no abnormal findings

were seen in the composition of bile acids in bile and serum of patients with PSC

and IBD [4]. Several hypotheses have emerged since then.

PSC likely occurs in genetically susceptible individuals, perhaps after exposure

to environmental triggers, including toxic bile acids, bacterial infections, and

intestinal pathogens (Fig. 8.1). These could initiate a series of events that involve

complex interactions between the innate and adaptive immune systems, ultimately

leading to lymphocyte migration, cholangiocyte damage, and progressive fibrosis.

Several important observations, coupled with the strong association between cer-

tain human leukocyte antigen (HLA) haplotypes and the frequency of concurrent

extrahepatic autoimmune disorders, support the concept that PSC is an immune-

mediated phenomenon [5].

Three ulcerative colitis (UC) susceptibility loci associated with PSC, harboring

the putative candidate genes REL, IL2, and CARD9, have been identified [6]. A

study reported 12 significant genome-wide associations outside the HLA region,

nine of which were new, increasing the number of known PSC risk loci to 16.

Despite comorbidity with IBD in 72% of the included cases, six of the 12 loci

showed significantly stronger associations with PSC than with IBD, suggesting

overlapping, yet distinct, genetic mechanisms for the two diseases [7].

Genetic  susceptibility HLA genes and Non-HLA genes

Triger
Toxic bile acid 
Bacterial infection
Intestinal pathogen etc

Disruption of cholangiocyte tight junctions

Bile acids leak

Activation of Immune system and inflammation of the biliary tree homing of lymphocytes
Memory cells

Periductular fibrosis Portal fibrosis

fibrous obliterative cholangitis

Chemoatraction

Etiology of  PSC

Fig. 8.1 Etiology of PSC
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Translocation of microbial flora across the gut is one hypothesized mechanism for

the development of PSC [8]. Small intestinal bacterial overgrowth and the introduc-

tion of bacterial antigens into the portal circulation can cause pericholangitis in

animal models [9–11]. However, studies in humans have suggested that portal venous

bacteremia is uncommon in UC [12]. Although some antibiotics have been shown to

reduce serum alkaline phosphatase levels and Mayo risk scores, the long-term effects

of antibiotics on PSC progression are unclear [13, 14]. Growing interest in the

relationship between the human microbiome and chronic disease will undoubtedly

lead to studies in patients with PSC.

Normally, biliary epithelial cells are exposed to common intestinal pathogen-

associated molecular patterns, such as lipopolysaccharide and lipoteichoic acid.

However, exposure to lipopolysaccharide may disrupt tight junctions in colonic and

biliary epithelial cells, through Toll-like receptor (TLR)4-dependent mechanisms

[14, 15]. Alteration of such barriers can expose cholangiocytes to a variety of sub-

stances, such as bile acids, that could promote injury and inflammation. Disruption of

cholangiocyte tight junctions is an important step in the development of PSC in

animal models [16, 17]. For example, mice with altered cholangiocyte tight junctions

exhibit leakage of bile acids into the portal tract. This leads to an inflammatory

response involving CD8+ and CD4+ T cells and upregulation of tumor necrosis factor

(TNF)-α, transforming growth factor-β1, and interleukin (IL)1β. This inflammatory

infiltrate causes myofibroblast activation and fibrosis [16].

The pathogenesis of PSC has been examined from the standpoint of PSC-IBD.

Translocation of the microbial flora across an inflamed, permeable gut with subse-

quent activation of the immune system and inflammation of the biliary tree is

another hypothesized mechanism for the development of PSC (Fig. 8.2). It appears

Fig. 8.2 Mechanism and treatment for immune system
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that the α4β7+CCR9+CD8+ T cells that infiltrate the liver in PSC are primed by

dendritic cells in the intestine. Activated intestinal lymphocytes enter the

enterohepatic circulation and persist as memory cells that cause hepatic inflamma-

tion. Chemokines and adhesion molecules shared by the intestine and liver could

contribute to immune cell binding at both sites [18].

The observations that PSC can develop after colectomy [19] and that IBD can

develop after liver transplantation have caused some investigators to suggest that

aberrant homing of lymphocytes between the intestine and liver could be involved

in the pathogenesis of PSC [20]. Three studies indirectly supporting this theory

have been published. Patients who received a liver transplant had lower clinical and

histological IBD activities than those of the non-transplant group [21]. Marelli et al.

[22] reported that progressive PSC requiring liver transplantation is associated with

a milder course of UC, including reduced disease activity and use of steroids,

azathioprine, and surgery. Navaneethan et al. [23] reported that severe, progressive

PSC requiring liver transplantation appeared to reduce the disease activity of UC

and the need for a colectomy. However, these theories cannot explain why only

2–7.5% of IBD patients develop PSC [24], whereas PSC is strongly associated with

development of IBD, or why Crohn’s disease is less associated with PSC. It is also

unclear why immunosuppression does not improve PSC.

The involvement of adhesion molecules in lymphocyte recruitment to the liver is

emerging as an important step in the pathogenesis of PSC. Inflammatory mediators

appear to upregulate various adhesion molecules during the development of PSC,

including intercellular adhesion molecules, vascular cell adhesion molecule-1

(VCAM-1) [25], and mucosal addressin cellular adhesion molecule 1 -

(MAdCAM-1) [26] (Fig. 8.2). Typically, MAdCAM-1 is expressed in the mucosal

vessels of the intestine. However, under conditions of inflammation, it can be

expressed by the hepatic endothelium [27]. Patients with PSC have also been

observed to have altered expression of chemokines, such as CCL25, CCL28,

CXCL12, and CXCL16. Upregulation of CCL25 and CCL28 leads to activation

of α4β7 integrins, which increase lymphocyte binding to MAdCAM-1. CCL28 also

appears to activate α4β1 integrin and to increase its adhesion to VCAM-1, which is

primarily expressed in the portal and sinusoidal endothelial cells of diseased liver,

so it might not be a specific feature of PSC [28].

8.3 Treatment for PSC

At this time, there is no beneficial medical therapy for patients with PSC, and liver

transplantation is the only potentially curative option for patients with PSC. Ther-

apies for PSC can be classified roughly into two categories: regulation of

immunomechanisms and bile acids. The former therapies mainly regulate the

interaction between adhesion molecules and lymphocyte recruitment to the liver

(Fig. 8.2). The latter alter the composition of the bile acid pool and reduce the total
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serum bile acid pool (Fig. 8.3). Recent trends and clinical trials of treatment for PSC

are reviewed in Ali’s paper [29].

8.3.1 Regulation of Immunomechanisms

Several agents including immunosuppressants and immunomodulators, such as

azathioprine [30], budesonide, methotrexate [31], prednisolone, and tacrolimus,

have been evaluated in PSC patients but failed to show positive results. VCAM-1

and MAdCAM-1 are expressed in the mucosal vessels of the intestine and hepatic

endothelium in PSC patients [26, 27] (Fig. 8.2). Vascular adhesion protein

1 (VAP-1) has been found to induce the expression of MAdCAM-1 in the hepatic

endothelial cells of human liver tissue [25]. Targeting VAP-1 and MAdCAM-1

could be beneficial in patients with PSC. A monoclonal antibody against α4β7 and a
VAP-1 blocking agent have been investigated [32]. Liver-infiltrating T cells

recruited by aberrant expression of the gut-specific chemokine CCL25 activate

α4β7 binding to MAdCAM-1 on the hepatic endothelium. Targeting the CCL25-

MAdCAM-1 axis could have a beneficial effect [33].

Several animal experiments have demonstrated a link between the gut

microbiota and development of PSC [34]. Induction of small bowel bacterial

overgrowth by ligation of the jejunum in rats resulted in the development of hepatic

lesions compatible with PSC. Daily treatment with antibiotics resulted in significant

improvement of these lesions, suggesting that modification of the gut microbiota

could be of therapeutic benefit at least in a selected group of PSC patients.

Fig. 8.3 Treatment for PSC regulation of bile acid
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Vancomycin, metronidazole, and minocycline have been evaluated in clinical trials

in patients with PSC [35, 36]. The use of these antibiotics resulted in a significant

reduction in serum alkaline phosphatase (ALP), an important surrogate marker in

PSC. Thus, antibiotic therapy for PSC patients seems to be a promising tool in the

treatment of PSC.

8.3.2 Regulation of Bile Acids

The synthetic bile acid ursodeoxycholic acid (UDCA) is the 7-β-epimer of

chenodeoxycholic acid (CDCA). Because it has been shown to improve liver

biochemistry, UDCA has been used frequently for therapy in PSC. However,

there is no clear evidence that UDCA contributes to improvements in patient

survival.

An abnormal composition of the bile acid pool is thought to play a key role in the

pathogenesis and progression of PSC [37] (Fig. 8.3). This hypothesis was derived

from several animal [38] and human studies. PSC-like lesions occur in mice devoid

of the canalicular transporter Mdr2, which mediates biliary excretion of phospho-

lipids that normally form mixed micelles with bile acids, thus protecting the liver

against the detergent effects of bile acids [39]. Bile acid toxicity to the biliary

epithelium could result from decreased biliary HCO3 secretion [40]. The bile salt-

sensing receptor TGR5 plays a key role in the regulation of HCO3 secretion, and

TGR5 was identified as a likely disease-susceptibility gene in a large genome-wide

study of PSC [41].

Animal and in vitro studies have also suggested that UDCA may have a role as a

chemopreventive agent in the prevention of colorectal neoplasia. Several mecha-

nisms in which UDCA may act to prevent colorectal cancer have been proposed,

including downregulation of cyclooxygenase-2 expression; prevention of

carcinogen-induced changes in protein C; inhibition of cell proliferation by

suppressing epidermal growth factor receptor, which is typically activated by

deoxycholic acid (DCA); and alteration of the bile acid milieu to reduce secondary

bile acid levels [42–46]. Lower doses of UDCA may have a protective role because

of its potential antiapoptotic effect. For example, exposing human colon cancer cell

lines to UDCA can decrease DCA-induced apoptosis [47].

Multiple human studies also have investigated the role of UDCA as a chemo-

preventive agent, but the results are conflicting. Two clinical studies suggested that

UDCA reduces the incidence of colorectal neoplasia in patients with UC and PSC

[48, 49]. Tung et al. [48] performed a retrospective review of 59 patients and found

that UDCA was associated with a significant reduction in the odds ratio for colonic

dysplasia development. However, after excluding cases of indefinite dysplasia, a

multivariate analysis did not reveal a statistically significant association with

UDCA. A secondary analysis revealed a significant association between UDCA

use and the development of high-grade dysplasia only. Furthermore, in this study,

the control group had a high proportion of dysplasia (72%), and 50% of those who
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received UDCA went on to develop dysplasia. Compared with those who did not

receive UDCA, the UDCA-treated group had a shorter duration of colitis and were

older at the time of diagnosis of colitis. A third study indicated that the times of

cancer and dysplasia development were the same, regardless of whether subjects

received UDCA [50]. Consequently, it remains unclear in clinical practice whether

patients with PSC and UC should be started on UDCA for the prevention of colonic

neoplasia.

Treatment with high-dose UDCA, compared with placebo, was associated with

an increased rate of serious clinical events. A multicenter, placebo-controlled trial

investigated the use of UDCA 28–30 mg/kg/day in patients with PSC. That study

revealed an improvement in liver biochemistry, but no improvement in survival,

and a higher rate of adverse events [51, 52], as well as the development of colon

cancer [53] in the UDCA group. Sinakos et al. investigated the serum bile acid

composition in patients in the high-dose UDCA arm and compared it with that of

control group patients [54]. Long-term use of high-dose UDCA is associated with

an increased risk of colorectal neoplasia in patients with UC and PSC. In total,

56 subjects were followed for a total of 235 patient years. Patients who received

high-dose UDCA had a significantly higher risk of developing colorectal neoplasia

(dysplasia and cancer) during the study compared with those who received placebo

(hazard ratio ¼ 4.44, 95% confidence interval ¼ 1.30–20.10, P ¼ 0.02). They

concluded that bile acids may have a role in colon carcinogenesis, particularly the

secondary bile acids (lithocholic acid (LCA) and DCA) [55–57]. In in vitro studies,

prolonged exposure to high bile acid concentrations has been suggested to play a

role in gastrointestinal cancers, leading to oxidative stress, selection of apoptosis-

resistant cells, and replication of unrepaired damaged DNA [57, 58]. They reported

a statistically significant increase in serum UDCA and LCA levels in the treatment

group, compared with the placebo group, and an expansion of the total serum bile

acid pool without significant changes in CA, DCA, or CDCA levels [54]. It is

expected that a proportion of the UDCA pool would be metabolized by bacterial

flora into other bile acids. UDCA can be metabolized into both LCA and CDCA by

intestinal flora. CDCA is typically metabolized to LCA by bacterial flora. Both

CDCA and LCA have been shown to stimulate in vitro cell invasion in a dose-

dependent manner [59, 60]. Furthermore, physiological levels of CDCA and DCA

can increase colon adenoma cell proliferation and reduce apoptosis [61]. The

American Association for the Study of Liver Disease (AASLD) recommends

against the use of UDCA in PSC patients [62].

NorUDCA is a C23 homolog of UDCA that is currently being evaluated in a phase

II randomized clinical trial in patients with PSC. In a rodent model of cholestasis, the

administration of norUDCA toMdr2 knockout mice improved sclerosing cholangitis,

possibly by altering the composition of the bile acid pool by displacing the toxic bile

acids and increasing the hydrophilicity of the bile acids [63]. In a more recent animal

model of cholestasis, norUDCA, compared with UDCA, significantly improved

indices of liver injury in common bile duct-ligated mice [64].

The farnesoid X receptors (FXRs) are a group of nuclear hormone receptors

expressed at high levels in tissues involved in bile acid metabolism, such as the
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liver, intestine, and kidney [65]. Bile acids have been identified as natural ligands of

FXRs [66, 67]. FXRs play a key role in bile acid homeostasis by regulating genes

involved in bile acid synthesis, secretion, conjugation, transportation, absorption,

and detoxification [68–72] (Fig. 8.3). An important target of the FXRs is the gene

encoding cholesterol 7α hydroxylase (CYP7A1), the rate-limiting enzyme in bile

acid biosynthesis. When bound to bile acids, FXRs repress this gene [66]. Moreover,

the expression of an important transport protein (cytosolic intestinal bile acid-

binding protein) [73], located in the intestines, is increased as a result of activation

of the FXRs [66, 74]. This protein is believed to play a key role in the regulation of

the enterohepatic circulation [66, 74]. In addition to their role in bile acid homeo-

stasis, FXRs have been found to regulate liver regeneration in liver injury [75–80].

Obeticholic acid (OCA, INT-747), a 6-ethyl derivative of the natural human bile

acid CDCA, is a first-in-class selective FXR agonist, with ~100-fold greater FXR

agonistic activity than that of CDCA [81–83]. In a male Wistar rat model of

cholestasis, OCA protected hepatocytes against the deleterious effects caused by

administration of LCA [83]. In another animal model, the administration of OCA

reduced liver fibrosis and indices of hepatic damage in bile duct-ligated rats

[84]. These results suggest that FXR agonists could be of therapeutic benefit in

patients with cholestatic liver diseases. The safety and efficacy of OCA has been

evaluated in two randomized clinical trials in patients with primary biliary cirrhosis

(PBC) with promising results [85, 86]. The administration of OCA to PBC patients

resulted in a significant reduction of serum ALP, an important surrogate marker in

PBC [85, 86]. One important adverse event was pruritus, which was affected by

OCA in a dose-dependent manner and led to discontinuation of the drug in 38% of

PBC patients [85, 86].

The apical sodium-dependent bile acid transporter (ASBT), also known as the

ileal bile acid transporter, is expressed predominantly in the distal ileal tissue and

plays a key role in the reabsorption of bile acids from the lumen of the small

intestine, which is critical for the enterohepatic circulation of the bile acids

[87]. Normally, ~95% of secreted bile acids are reabsorbed from the intestine into

the portal circulation and back to the liver [88]. Under this biological rationale,

interrupting the enterohepatic circulation could result in a decreased bile acid load

on the liver, which, in turn, could be of potential therapeutic benefit in patients with

PSC (Fig. 8.3). The safety and efficacy of an ASBT inhibitor is being evaluated in

patients with PSC.

8.4 Conclusion

Here, we summarized the etiology and treatment of PSC with regard to bile acids.

Genetic backgrounds and immune mechanisms for PSC are becoming clarified

gradually. New therapeutic strategies have also been trialed. Further studies are

necessary to clarify the etiology of PSC.
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Chapter 9

Bile Acids and Cholestatic Liver Disease 3:

Inborn Errors of Bile Acid Synthesis

Hiroshi Nittono, Akihiko Kimura, Hajime Takei, Takao Kurosawa,

and Takashi Iida

Abstract Inborn errors of bile acid synthesis are rare genetic disorders that can

present as neonatal cholestasis and fat-soluble vitamin deficiency. Though rare,

these diseases account for some patients with cholestasis of unknown etiology.

Seven known defects of bile acid synthesis occur in children. These defects may be

categorized as deficiencies in activity of enzymes catalyzing reactions affecting the

steroid nucleus or the side chain. Defects in reactions involving the steroid nucleus

include cholesterol 7α-hydroxylase deficiency, 3β-hydroxysteroid-Δ5-C27-steroid

dehydrogenase/isomerase deficiency, Δ4-3-oxosteroid 5β-reductase deficiency, and
oxysterol 7α-hydroxylase deficiency. Defects in reactions involving side-chain

modification are sterol 27-hydroxylase deficiency, α-methyl-CoA racemase defi-

ciency, disorders of peroxisomal β-oxidation, bile acid-CoA: amino acid

N-acyltransferase deficiency, and bile acid-CoA ligase deficiency. Cholesterol

7α-hydroxylase deficiency and disorders of peroxisomal β-oxidation are not con-

sidered here, since cholesterol 7α-hydroxylase deficiency is not known to occur in

children and disorders of peroxisomal β-oxidation represent disease of peroxi-

somes. When identified early, many patients with inborn errors of bile acid synthe-

sis have a favorable clinical response to oral primary bile acid therapy. These

inborn errors characteristically result in elevated serum bilirubin and aminotrans-

ferase concentrations but produce no abnormalities of serum γ-glutamyltransferase

or of total bile acid concentrations detectable by enzymatic methods. Screening for

H. Nittono (*) • H. Takei

Junshin Clinic Bile Acid Institute, 2-1-22 Haramachi, Meguro-ku, Tokyo 152-0011, Japan

e-mail: bile-res@eco.ocn.ne.jp

A. Kimura

Department of Pediatrics and Child Health, Kurume University School of Medicine,

67 Asahi-machi, Kurume 830-0011, Japan

T. Kurosawa

School of Pharmaceutical Sciences, Health Sciences University of Hokkaido, Kanazawa,

Ishikari-Tobetsu, Hokkaido 061-0293, Japan

T. Iida

Department of Chemistry, College of Humanities and Sciences, Nihon University,

Sakurajousui, Setagaya-ku, Tokyo 156-8550, Japan

© Springer Japan KK 2017

S. Tazuma, H. Takikawa (eds.), Bile Acids in Gastroenterology,
DOI 10.1007/978-4-431-56062-3_9

135

mailto:bile-res@eco.ocn.ne.jp


inborn errors of bile acid synthesis using fast atom bombardment ionization mass

spectrometry, gas chromatography-mass spectroscopy, and liquid chromatography-

electrospray ionization tandem mass spectrometry is useful. Genetic analysis is

available for a definitive diagnosis. Disorders of bile acid synthesis account for

some 2–3% of screened cases of cholestatic liver disease in infants and children.

Keywords Inborn error of bile acid synthesis (IEBAS) • Cholestasis • Giant cell

hepatitis • γ-Glutamyl-transpeptidase (GGT) • Oral primary bile acid therapy

9.1 Two Main Pathways from Cholesterol to Primary Bile

Acids [1, 2]

The primary bile acids, cholic acid (CA) and chenodeoxycholic acid (CDCA), are

synthesized by sequential enzymatic modifications to cholesterol that involve at

least 14 enzymes, multiple subcellular compartments, and two complementary

chemical pathways (Fig. 9.1). There are two pathways of 7α-hydroxylation that

include a neutral pathway in which cholesterol is hydroxylated by cholesterol

7α-hydroxylase and an acidic pathway in which cholesterol is hydroxylated and

oxidized at position 27 and then hydroxylated by oxysterol 7α-hydroxylase. Nine
defects in bile acid synthesis show a phenotype of familial and progressive infantile

or late-onset cholestasis or fat-soluble vitamin deficiency. In this chapter, however,

cholesterol 7α-hydroxylase (CYP7A1) deficiency and disorder of peroxisomal

β-oxidation are not considered, because CYP7A1 deficiency has not been found

to occur in children and disorders of peroxisomal β-oxidation are disease of

peroxisomes, representing a separate category.

9.2 Clinical Features and Diagnosis of Inborn Errors

of Bile Acid Synthesis [3]

Although inborn errors of bile acid synthesis (IEBAS) show cholestasis, serum total

bile acid (TBA) concentrations are normal when measured by enzymatic methods.

Serum γ-glutamyltransferase (GGT) concentrations also are normal. Even though

the patient shows obstructive jaundice, pruritus is absent. Histopathologic findings

associated with defects involving reactions affecting the steroid nucleus vary with

patient age and rate of disease progression. Specimens from infants with impaired

steroid nucleus modification show giant cell hepatitis, canalicular bile plugs,

hepatocyte bile stasis, and portal tract inflammation, with variable severity of fibrosis.

Generally, urinary screening for IEBAS uses fast atom bombardment ionization mass

spectrometry (FAB-MS) in the USA and Europe and gas chromatography-mass

spectroscopy (GC-MS) or liquid chromatography-electrospray ionization tandem

mass spectrometry (LC-ESI-MS/MS) in Japan [4] (Table 9.1). Genetic analysis is

available for definitive diagnosis [5].
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Fig. 9.1 Simplified scheme of the two major pathways for the synthesis of bile acids from

cholesterol and for their recycling. The “neutral” pathway starts with conversion of cholesterol

to 7α-hydroxycholesterol, while the “acidic” pathway begins with formation of

27-hydroxycholesterol. Numbered bars indicate blockades imposed by enzymatic defects. (1)
cholesterol 7α-hydroxylase; (2) 3β-hydroxy-Δ5-C27-steroid dehydrogenase/isomerase; (3) Δ4-3-

oxosteroid 5β-reductase; (4) sterol 27-hydroxylase; (5) α-methylacyl CoA racemase; (6) proteins
involved in peroxisomal biogenesis and β-oxidation; (7) bile acid-CoA: amino acid N-acyl

transferase; (8) bacterial deconjugation in the gut; (9) bile acid-CoA ligase; (10) oxysterol

7α-hydroxylase; (11) sterol 12α-hydroxylase. Known enzyme defects are depicted by solid bars

across the arrows (Adapted from [1])
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9.3 Inborn Errors of Bile Acid Synthesis [3]

9.3.1 Defects Involving Reactions Affecting the Steroid
Nucleus

9.3.1.1 3β-Hydroxy-Δ5-C27-Steroid Dehydrogenase/Isomerase

(3βHSD, HSD3B7) Deficiency [6]

3βHSD deficiency, the most common bile acid synthetic defect, is caused by

mutation in the HSD3B7 gene on chromosome 16p. The inheritance pattern is

autosomal recessive. The major bile acids present in serum and excreted as

sulfate esters in the urine are Δ5-3β,7α-dihydroxy-5-cholenoic and Δ5-3β,7α,12α-
trihydroxy-5-cholenoic acids. About 50 patients with this disorder have been

reported. Even adults with this disease have been reported reflecting its relatively

mild nature. Some treated patients with this disease have had normal children

[7]. Orally administered primary bile acids (CA and/or CDCA) represent an

effective treatment that may normalize and growth and development. However,

ursodeoxycholic acid (UDCA) is not effective. Bile acid profiles in serum and urine

after bile acid therapy show a marked decrease in amounts of unusual bile acids but

no decrease in their percentages.

9.3.1.2 Δ4-3-Oxosteroid 5β-Reductase (5β-Reductase, SRD5B1,
AKR1D1) Deficiency [8, 9]

5β-Reductase deficiency is an autosomal recessive disorder. The affected enzyme,

Δ4-3-oxosteroid-5β-reductase, is encoded by the gene AKR1D1 (or SRD5B1) and
converts 7α-hydroxy-4-cholesten-3-one and 7α,12α-dihydroxy-4-cholesten-3-one
into 3-oxo-5β analogues. Excretion of large amounts of 3-oxo-Δ4-bile acids also

may be detected in urine from children with severe liver disease arising from causes

other than primary defects in bile acid biosynthesis. An alternative clinical presen-

tation, neonatal liver failure resembling neonatal hemochromatosis, also has been

described in patients with 5β-reductase deficiency, although no patient with this

presentation has been shown to have mutations in the AKR1D1 gene. Histopathol-

ogy in patients with 5β-reductase deficiency is typical for neonatal hepatitis, with

findings of giant cell hepatitis, pseudoacinar transformation, hepatocellular and

canalicular cholestasis, and extramedullary hematopoiesis. Investigation of the

urinary steroid profile of patients with this disease showed that tetrahydrocortisone,

whose synthesis is catalyzed by 5β-reductase activity in the liver, is decreased;

however, no symptoms of adrenal dysfunctional arise, because of compensation by

5β-reductase [10].
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9.3.1.3 Oxysterol 7α-Hydroxylase (CYP7B1) Deficiency [11]

Deficiency involving the enzyme oxysterol 7α-hydroxylase, which is enclosed

by the CYP7B1 gene, interrupts the alternative acidic pathway for synthesis

of the bile acid steroid nucleus. Liver function tests show elevated alanine amino-

transferase, but serum TBA and GGT are within the normal range. Large amounts

of 3β-monohydroxy-Δ5 bile acids are detected in serum and urine. Several patients

have been reported to be homozygous for nonsense mutations in the CYP7B1
gene encoding oxysterol 7α-hydroxylase. Further information concerning possible

consequences of oxysterol 7α-hydroxylase deficiency has been uncovered by a

gene mapping study of hereditary spastic paraplegia [12]. Patients with oxysterol

7α-hydroxylase deficiency have a marked bleeding tendency and are severely ill.

Recently, two patients rescued by liver transplantation [13] or CDCA therapy

(11 mg/kg/day) [14] have been reported.

9.3.2 Defects Involving Reactions Leading to Side-Chain
Modification

9.3.2.1 Sterol 27-Hydroxylase (CYP27A1) Deficiency

CYP27A1 deficiency has two possible phenotypes. One is a cholestatic disorder

with neonatal [15]. Another is cerebrotendinous xanthomatosis (CTX), which

develops in adolescence [16].

A defect in side-chain oxidation via the 25-hydroxylation pathway has been in a

reported 9-week-old infant who presented with familial giant cell hepatitis and

severe intrahepatic cholestasis. Diagnosis was based upon findings of reduced

primary bile acid concentrations and elevated concentrations of specific bile alco-

hol glucuronides in serum. This boy had consistently normal aminotransferase

concentrations. Bile alcohol production was suppressed by primary bile acids,

CDCA and CA. Subsequently the patient was diagnosed with CYP27A1 deficiency

by demonstrational a mutation in CYP27A1 [17], after which similar cholestatic

disease has been reported in neonates [18].

CTX is a rare inherited lipid storage disease characterized by progressive

neurologic dysfunction, dementia, ataxia, and cataracts. This disorder results from

abnormal side-chain modification of bile acids, which is caused by mitochondrial

sterol 27-hydroxylase deficiency. In patients with CTX, primary bile acid synthesis

is reduced, while bile alcohol glucuronide excretion in bile, urine, and stools is

increased. Serum and plasma cholesterol concentrations are low or normal, while

plasma cholestanol concentrations are markedly elevated. In early childhood, CTX

may present with chronic diarrhea and cataracts or with developmental delay/

regression. Later in childhood, CTX may present with tendon xanthomata, low

IQ, or psychiatric illness. Diagnosis of CTX is established by the finding of a

greatly increased plasma cholestanol/cholesterol ratio or a characteristic metabolite
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in urine, followed by DNA sequencing of CYP27A1. Oral CDCA therapy is

effective.

9.3.2.2 α-Methylacyl-CoA Racemase (AMACR) Deficiency [19]

AMACR deficiency is an autosomal recessive disorder in which cholesterol side-

chain oxidation is inhibited. AMACR is necessary for racemization of

trihydroxycholestenoic acid and pristanic acid into their stereoisomers. Conversion

of these stereoisomers is necessary for the subsequent step of peroxisomal

β-oxidation of the C27 bile acid side chain. AMACR deficiency affects both bile

acid and fatty acid synthesis pathways. Histopathologic findings in infants with this

disease include giant cell transformation, moderate intralobular cholestasis,

scattered necrotic hepatocytes, and foci with multinucleated hepatocytes. Affected

infants’ liver enzyme activities were normalized by treatment with CA therapy

(15 mg/kg/day) and fat-soluble vitamin supplements [19].

9.3.3 Bile Acid Conjugation Defects

Conjugation of CA and CDCA to taurine or glycine, the final step in primary bile

acid synthesis, is catalyzed by bile acid-CoA: amino acid N-acyltransferase

(BAAT) in the liver, after which the conjugate is excreted via the intestine, where

bacterial deconjugation occurs. Reconjugation in the course of the enterohepatic

circulation requires two enzymes, bile acid-CoA ligase (SLC27A5) and BAAT, in

the liver (Fig. 9.1).

9.3.3.1 Bile Acid-CoA: Amino Acid N-Acyltransferase (BAAT)

Deficiency [20]

Patients affected by defects in bile acid conjugation present with marked malab-

sorption and deficiencies of fat-soluble vitamins. These symptoms occur as a

consequence of decreased biliary secretion of conjugated bile acids. Severe chole-

stasis and liver failure also have been described in patients with bile acid conjuga-

tion defects. Oral administration of conjugated primary bile acid, such as

glycocholic acid (15 mg/kg/day), is a potential treatment for these patients [21].

9.3.3.2 Bile Acid-CoA Ligase (SLC27A5) Deficiency [22]

A patient with this disorder developed conjugated hyperbilirubinemia which

persisted until the age of 12 months but was unaccompanied by cholestasis. A

liver biopsy specimen showed portal-to-portal bridging fibrosis. Analysis of urinary
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cholanoids by negative ion electrospray ionization mass spectrometry showed the

major cholanoids to be similar to those seen in BAAT deficiency, with the major

peak representing unconjugated CA. Most serum bile acids were unconjugated.

Sequencing of the BAAT gene showed no mutation, but sequencing of the

SLC27A5 gene, which encodes bile acid-CoA ligase, detected homozygous muta-

tions in a histidine residue. The treatment given was oral UDCA and fat-soluble

vitamins. Interestingly, this patient had a homozygous mutation in the bile salt

export pump (BSEP, ABCB11).
Recently, we encountered a patient with an amidation defect. The specimen

dried urine drops on filter paper was sent from Thailand to our institution. Results of

bile acid analysis in this material showed a likely amidation defect; almost all bile

acids were conjugated to sulfate or glucuronide (Fig. 9.2). Unfortunately, no

genetic analysis was performed in this patient.
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Chapter 10

Bile Acids and NAFLD/NASH

Tsuneo Kitamura and Sumio Watanabe

Abstract Bile acids (BAs) have been shown to play physiologic roles in choleresis

and digestion. Recent studies, however, reveal that BAs are important signaling

molecules as ligand for farnesoid X receptor (FXR) and TGR5 (GPBAR1), a G-

protein-coupled receptor, and are involved in the inflammatory responses as well as

metabolic regulation of lipid and glucose. BAs also inhibit gut microbial growth

through their detergent property, while gut bacteria regulate bile acid biotransfor-

mation in the intestine, leading to alterations of lipid, glucose, and energy meta-

bolism. This article reviews recent advances in the understanding of BAs signaling

and its regulation of metabolic homeostasis in nonalcoholic fatty liver disease

(NAFLD) and nonalcoholic steatohepatitis (NASH).

Keywords Bile acids • Nonalcoholic fatty liver disease (NAFLD) • Nonalcoholic

steatohepatitis (NASH) • Farnesoid X receptor (FXR) • TGR5 (GPBAR1)

10.1 NAFLD and NASH

Nonalcoholic fatty liver disease (NAFLD) is a spectrum of chronic liver abnormal-

ities from simple steatosis to nonalcoholic steatohepatitis (NASH), liver cirrhosis,

and hepatocellular carcinoma. NASH-related liver cirrhosis, termed burned-out

NASH, is an end stage of NAFLD and can be an indication of liver transplantation

[1, 2].
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According to the “evidence-based clinical practice guidelines” [3] by the Japa-

nese Society of Gastroenterology, the definition of nonalcoholic fatty liver disease

(NAFLD) is as follows:

NAFLD is characterized by evidence of hepatic steatosis either by imaging or histology and

appropriate exclusion of other liver diseases such as alcoholic liver disease. Epidemiolog-

ical studies have shown that alcoholic liver disease can occur when the daily alcohol intake

exceeds 20 g in women and 30 g in men. Therefore, NAFLD is diagnosed when the alcohol

consumption is lower than the aforementioned amounts. NAFLD is associated with obesity,

diabetes mellitus, dyslipidemia, and hypertension and is considered the hepatic manifesta-

tion of metabolic syndrome. NAFLD is histologically characterized by macrovesicular

steatosis and further categorized into NAFL and NASH. NAFL is mostly a benign,

nonprogressive clinical entity, while NASH can progress to cirrhosis or even hepatocellular

carcinoma (HCC). NASH is histologically characterized by hepatic steatosis associated

with evidence of liver cell injury (ballooning degeneration) and inflammation.

NAFLD is closely related to obesity and insulin resistance [4, 5]. The progres-

sion of hepatic steatosis to NASH has been suggested to require at least “two hits”:

hepatic steatosis is the first hit, followed by inflammation as the second hit [6]. Insu-

lin resistance and oxidative stress accelerate the progression from hepatic steatosis

to NASH. However, it has been indicated that inflammation may precede steatosis

in some cases of NASH, and in certain situations, hepatic steatosis may be consi-

dered as “bystander phenomenon” subsequent to inflammatory attacks, including

toxic lipids, nutrients, and other signals derived from gut and adipose. Tilg H et al.

thus proposed “multiple parallel hits hypothesis” implicating that many hits may act

in parallel, finally resulting in liver inflammation [7].

10.2 Bile Acid Receptors and Signaling Molecules

Bile acids (BAs) are physiological detergent molecules, which play a role in the

absorption of dietary lipids and vitamins in the gut [8]. BAs have been also

suggested to be signaling molecules that regulate lipid, glucose, and energy meta-

bolism. Accumulating evidences have indicated that BAs are important molecules,

which may activate signaling pathways to regulate biological processes.

In 1999, it was first reported that BAs are physiological ligands for the farnesoid

X receptor (FXR), an orphan nuclear receptor [9–11]. Following this discovery,

BAs have been shown to activate other nuclear receptors, pregnane X receptor

(PXR) and vitamin D receptor (VDR). BAs also have been reported to activate G-

protein-coupled receptor 1 (TGR5/GPBAR1), muscarinic receptor 2 (M2), sphin-

gosine-1-phosphate receptor 2 (S1PR2), and cellular signaling pathways including

c-Jun N-terminal kinase (JNK1/JNK2), protein kinase B (AKT), and extracellular

signal-regulated protein kinases (ERK1/ERK2) [12, 13].

Among these, much attention has been focused on FXR and TGR5 signaling that

are associated with NAFLD and NASH. Activation of FXR or TGR5 lowers hepatic
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triglyceride levels and inhibits inflammation, suggesting that these two BAs recep-

tors could be candidate for treatment of NAFLD (Fig. 10.1).

10.2.1 Role of FXR in NAFLD and NASH

Both conjugated and unconjugated BAs can activate FXR, and thus BAs may serve

as endocrine hormones to regulate metabolism via FXR [14–16]. The ability of

different bile acids to activate FXR-α occurs in the following order

CDCA>LCA¼DCA>CA [17]. FXR is an important regulator of lipid and glucose

metabolism as well as inflammatory response. Activated FXR improves lipid and

glucose homeostasis and inhibits inflammation.

FXR-null mice developed severe fatty liver, and elevated circulating free fatty

acids, which was associated with elevated serum glucose and impaired glucose and

insulin tolerance [18].

Inflammation plays an important role in the pathogenesis of NAFLD. Fxr�/�

mice display elevated levels of inflammation and develop spontaneous HCC at

age of 9–12 months [19]. Diabetes/insulin resistance facilitates the progression

Hepa�c 
Inflamma�on

Energy 
Expenditure

Hepa�c 
Triglyceride

FXR

TGR5

CDCA>LCA=DCA>CA 

LCA>DCA>CDCA>CA 

LSECs Kupffer cells

Hepatocytes

Fig. 10.1 Bile acid receptors (FXR, TGR5) and metabolic regulation in the liver. FXR is

expressed in hepatocytes in the liver. TGR5 is expressed in LSECs and Kupffer cells in the

liver, but not hepatocytes. The ability of different BAs to activate FXR occurs in the following

order CDCA>LCA¼DCA>CA. TGR5 can be activated by a variety of BAs in the order

LCA>DCA>CDCA>CA. FXR farnesoid X receptor, TGR5 G-protein-coupled receptor

1, LSECs liver sinusoidal endothelial cells
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HCC when FXR is deficient [20]. The increased levels of inflammation observed in

Fxr�/� mice may partly be explained by elevated BAs levels in these mice.

The findings that FXR plays an important role in regulating both lipid homeo-

stasis and inflammation suggest that FXR may modulate the progression of

NAFLD. Indeed, Fxr�/� mice have increased hepatic TG accumulation. FXR defi-

ciency causes pathologic manifestations of NASH in low-density lipoprotein recep-

tor knockout mice (Ldlr�/� mice) after a high-fat feeding; the liver of these mice

displayed massive steatosis and inflammatory infiltration [21].

FXR also regulates hepatic fibrosis. FXR is expressed at very low levels on

hepatic Kupffer cells, stellate cells, and sinusoidal endothelial cells. FXR activation

with 6-ethyl chenodeoxycholic acid (6-ECDCA), an FXR ligand, prevents liver

fibrosis in porcine serum-treated rats or rats that underwent bile duct ligation and

decreases expression of matrix proteins, including α1-collagen, transforming

growth factor β-1 (TGF-β-1), alpha smooth muscle actin (αSMA), and tissue inhi-

bitors of matrix metalloproteinase (MMP) 1 and 2 [22]. Recently, FXR activation

has been shown to increase the expression of the microRNA mir29a, which regu-

lates the expression of several extracellular matrix proteins in hepatic stellate

cells [23].

It has been reported that in the NAFLD patients, the hepatic expression of FXR

is significantly decreased. In this study, the expression of two other nuclear recep-

tors, liver X receptor (LXR) and sterol regulatory element-binding protein 1C

(SREBP-1C) that are closely related to fat metabolism and its regulation, was

induced [24]. Thus, the reduced FXR expression may play a role in the pathogenesis

of human NAFLD.

Interestingly, in two animal models of NASH, serum levels of

tauro-β-muricholic and taurocholic acid were increased [25]. Hepatic expression

of transporters of bile acids from the circulation to the liver (Slc10a1/Slco1a1) was

decreased, whereas those transporters that transfer bile acids to the blood (Abcc1/4)

were increased. It has been therefore discussed that if bile acid content is decreased

in the liver, vicious circle may aggravate NASH [26], because decreased ligand

activation of FXR could lead to triglyceride accumulation and inflammation in the

liver.

Another study on 113 NAFLD patients reveals a close association between BA

synthesis and plasma BA concentration and the severity of NAFLD [15]. In these

patients, both the CYP7A1 and the bile acid transporter Na+/taurocholate

cotransporting polypeptide (NTCP) expression are increased, likely as a result of

increased FFA levels [27].

10.2.2 Role of TGR5 (GPBAR1) in NAFLD and NASH

TGR5 is a member of the rhodopsin-like superfamily of G-protein-coupled plasma

membrane receptor for BAs, which mediates many of the rapid and non-genomic

actions of BAs. TGR5 has been implicated in the control of glucose homeostasis,
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inflammation, and liver functions. Like FXR, it is originally regarded as an orphan

receptor without known ligands [14, 28]. Recently, it has been known that TGR5

can be activated by a variety of bile acids in the order

LCA>DCA>CDCA>CA [29].

Activation of TGR5 by bile acids stimulated adenylate cyclase, rapid intracel-

lular cAMP production, and protein kinase A activation. TGR5 plays an important

role in BA homeostasis as well as in glucose/lipid homeostasis and energy expen-

diture. It regulates the expression of genes involved in inflammation, modulates

plasma glucose and lipid levels, and increases energy expenditure in skeletal

muscle and brown adipose tissue [28, 30–32].

TGR5 is highly expressed along the intestinal tract such as the ileum and colon,

which are exposed to high levels of bile acids [29]. It has been shown that bile acid-

activated TGR5 stimulated the production of glucagon-like peptide-1 (GLP-1),

which promotes insulin secretion and regulates glucose homeostasis, in an

enteroendocrine cell line [33]. Despite that the liver is a major bile acid target

organ, TGR5 expression in the liver is low. In the liver, TGR5 is expressed in

sinusoidal endothelial cells and Kupffer cells, but not in hepatocytes [28, 34].

TGR5 is also expressed in monocytes and macrophages, and in human spleen,

suggesting that it plays an anti-inflammatory role in the immune system. Indeed,

TGR5 activation has shown protective effects in various inflammation-related

diseases in experimental models [29, 35]. Kupffer cells are capable of secreting

proinflammatory cytokines, which can contribute to the progression of NAFLD

[36]. When Kupffer cells were treated with the synthetic TGR5 agonist INT-777,

there was a reduction in the lipopolysaccharide (LPS)-induced production of

inflammatory cytokines through the TGR5-cAMP-dependent pathway. INT-777

treatment attenuates the expression of inflammatory mediators by antagonizing

NF-κB activity in wild-type mice but not in Tgr5�/� mice [37]. The anti-

inflammatory and anti-steatotic properties of TGR5 suggest that TGR5 may protect

against the development and progression of NAFLD [38, 39].

10.2.3 Role of Sphingosine-1-Phosphate Receptor
2 in NAFLD and NASH

Sphingosine-1-phosphate (S1P) is a potent bioactive sphingolipid that is involved

in a variety of cellular processes, including cell proliferation, differentiation,

motility, angiogenesis, inflammation, and malignant transformation [40]. Intra-

cellular S1P is synthesized from sphingosine by sphingosine kinase 1 (SphK1).

Intracellular S1P can directly activate various cellular signaling pathways or be

exported out of cells by specific transporters (spinster homologue 2; Spns2) in the

cell membrane [41]. Extracellular S1P exerts its function via activating five differ-

ent G-protein-coupled receptors (S1PR1–5) on the cell membrane to induce various

cellular responses [42]. S1PR1 is ubiquitously expressed and plays a key role in
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angiogenesis, vascular maturation, and immune cell trafficking. Deletion of S1PR1

affects maturation and is embryonically lethal.

Unlike S1PR1, mice deficient in S1PR2 exhibit no phenotypic defects, but

develop spontaneous and sporadic seizures [43]. Studies in S1pr2�/� mouse have

also shown S1PR2 to be responsible for proper development of the auditory and

vestibular systems [44].

S1PR2 is highly expressed in the liver and plays a unique and critical role in the

pathophysiology of the liver. The role of S1PR2 in bile acid-mediated hepatic lipid

metabolism was identified in recent studies [45]. In primary rodent hepatocytes,

conjugated bile acids activate S1PR2, which further activates the downstream

ERK1/ERK2 and AKT signaling pathways [45]. Bile acid-mediated activation of

ERK1/ERK2 and AKT signaling pathway plays an important role in the regulation

of hepatic glucose and lipid metabolism [46, 47]. In primary rat hepatocytes, insulin

and bile acids both activated glycogen synthase activity to a similar extent.

Infusion of taurocholate (TCA) into the chronic bile fistula rat rapidly activated

the AKT and ERK1/ERK2 signaling pathway and glycogen synthase activity

[48]. In addition, TCA induced a rapid downregulation of the gluconeogenic

genes, PEP carboxykinase (Pepck) and glucose-6-phophatase (G-6Pase), and a

marked upregulation of small heterodimeric partner (SHP) mRNA in the livers

[47]. These results suggest that TCA has insulin-like activity to regulate hepatic

glucose metabolism both in vitro and in vivo. A recent study reported that S1pr2
null mice rapidly develop overt fatty livers on a high-fat diet compared to wild-type

mice, suggesting that S1PR2 is an important regulator of hepatic lipid

metabolism [49].

10.3 Bile Acids and Gut Microbiota in NAFLD and NASH

BAs and gut microbiota are closely linked through the enterohepatic circulation,

which plays a role in communication between the liver and intestine. BAs are

produced from cholesterol in the liver, conjugated to amino acid glycine or taurine,

and secreted into the small intestine. Conjugated BAs are absorbed in the terminal

ileum to return to the liver.

BAs secreted from the liver inhibit gut microbial growth through their detergent

property. Gut bacteria also regulate bile acid biotransformation in the intestine,

which alters bile acid composition generating secondary bile acids by deconju-

gation and dehydroxylation (Fig. 10.2). Recent evidence indicates that there is a

regulatory relationship between the development of obesity and altered gut micro-

biota, suggesting that the microbiota can induce NAFLD or its progression toward

overt nonalcoholic steatohepatitis [50].

A number of studies showed that germ-free mice were protected against diet-

induced obesity compared with the conventionally raised counterparts

[51, 52]. Interestingly, germ-free mice receiving cecal microbiota from ob/ob
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mice had higher energy absorption from food and more weight gain than germ-free

mice harboring cecal microbiota from lean mice [52].

Dysbiosis is the major environmental factor, which affects bile acid metabolism,

and contributes to diseases not only in the gastrointestinal system but also in

chronic diseases including NAFLD, diabetes, and obesity [53]. Treating dysbiosis

by modulating bile acid metabolism by gut microbiota may be a therapeutic

approach for improving and preventing NAFLD.

10.4 Therapeutic Potential of BAs and Derivatives

in NAFLD and NASH

Many reports have described that activation of FXR inhibits inflammation in the

liver and intestine, and FXR agonists are potential therapeutic drugs for metabolic

and inflammatory diseases. Obeticholic acid (OCA, 6-ethyl-CDCA or INT-747) is a

synthetic derivative of chenodeoxycholic acid and a highly potent and selective

FXR agonist that has anticholestatic effects [54].

In experimental studies, OCA increases insulin sensitivity, inhibits gluconeo-

genesis, inhibits lipogenesis, and has anti-inflammatory and antifibrotic properties

[55]. OCA ameliorates high-fat diet-induced obesity and insulin resistance in mice,

as well as insulin resistance and fatty liver in Zucker rats (fa/fa) [56]. OCA

antagonizes NF-kB-stimulated inflammation in the liver [57], modulates innate

immunity in animal models of colitis [58], and inhibits and preserves the intestinal

barrier in inflammatory bowel disease [59]. The phase II clinical trial of OCA for

Fig. 10.2 Bile acid and gut microbiota. BAs regulate gut bacteria overgrowth and protect against

inflammation. BAs secreted from liver inhibit gut microbial growth through their detergent

property. Gut bacteria also regulate bile acid biotransformation in the intestine, which alters bile

acid composition generating secondary bile acids by deconjugation and dehydroxylation. High-fat

diets and drugs alter bile acid biotransformation and gut microbiota and contribute to pathogenesis

of liver-related metabolic diseases
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NAFLD and T2DM patients showed improved insulin sensitivity, reduced

γ-glutamyl-transpeptidase levels (a marker of NASH), and weight loss

[60]. Recently, the multicenter, randomized, placebo-controlled trial (FLINT),

which was conducted by the NIDDK NASH Clinical Research Network, revealed

that OCA improved the histological features of NASH [61].

Since TGR5 signaling inhibits the production of proinflammatory cytokines,

drugs targeting to TGR5 also have the potential to treat NAFLD or NASH. A bile

acid derivative INT-777 is a selective and potent TGR5 agonist [62, 63]. In animal

studies, INT-777 improves glucose tolerance, stimulates GLP-1 secretion from

enteroendocrine L cells, and improves insulin sensitivity [31]. TGR5 agonists

also reduce and prevent inflammation in the liver [28]. Recently, the FXR and

TGR5 dual agonist INT-767 (6α-ethyl-3α,7α,23-trihydroxy-24-nor-5β-cholan-23-
sulfate) has been shown to improve NAFLD by modulating hepatic monocyte

activity [38].

10.5 Future Perspectives in NAFLD and NASH

Recent research advances in bile acid metabolism and signaling enabled us to

understand an important role for bile acids in integration of hepatic lipid, glucose,

and energy metabolism. Among them, findings of bile acid receptors have largely

contributed to progress in translation of basic research in bile acid metabolism to

clinical applications for drug therapies of NAFLD and NASH.

Results of FLINT trial, showing OCA being effective in histological improve-

ment in NASH, are the great first steps of therapeutic strategies, but appear to

require further analysis in terms of histological reversibility and long-term follow-

up for hepatocellular carcinoma. It is anticipated that new treatment strategies,

including nonbile acid-based agonists specific for FXR and TGR5, will be devel-

oped for treating NAFLD and NASH.
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Chapter 11

Bile Acids and Viral Hepatitis

and Hepatocellular Carcinoma

Yasuaki Takeyama and Shotaro Sakisaka

Abstract Serum total bile acid levels are increased in viral hepatitis and correlate

with the degree of liver fibrosis and are also high in hepatocellular carcinoma

(HCC). In this chapter, we describe how accumulation of bile acids affects hepatitis

viruses such as hepatitis B virus (HBV) and hepatitis C virus (HCV) and carcino-

genesis of HCC. Viral hepatitis: Na+/taurocholate cotransporting polypeptide

(NTCP) is an uptake transporter of bile acids and an HBV entry receptor. Several

NTCP inhibitors reduce HBV infection. Bile acids promote HBV replication via

nuclear receptor transduction. HBV infection increases bile acid synthesis. In

patients with high bile acids, interferon therapy shows higher failure rates in

chronic hepatitis C. Bile acids increase HCV replication. HCC: Bile acids can

induce cell death and inflammation, leading to promotion of carcinogenesis. Bile

acid uptake transporters (NTCP and organic anion transporter peptide [OATP]1B3)

and bile salt export pump expression are reduced in most cases of HCC.

Because OATP1B3 also uptakes gadolinium–ethoxybenzyl–diethylenetriamine

pentaacetic acid (Gd–EOB–DTPA), HCC lesions show low signal intensity in the

hepatobiliary phase of Gd–EOB–DTPA-enhanced magnetic resonance imaging.

Ursodeoxycholic acid (UDCA): UDCA is a hydrophilic bile acid and a safe and

effective medical therapy in chronic hepatitis B and C. UDCA improves abnormal

liver transaminase levels; however, it cannot eradicate viruses in the liver. UDCA-

induced inhibition of DLC1 (deleted in liver cancer 1) protein degradation leads to

suppression of HCC cell growth. DLC1 is a tumor suppressor gene for HCC.
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11.1 Introduction

The primary bile acids in humans are cholic acid (CA) and chenodeoxycholic acid

(CDCA). Intestinal bacteria dehydroxylate primary bile acids, converting them to

secondary bile acids, such as deoxycholic acid (DCA) and lithocholic acid (LCA).

The serum concentration of total bile acids reflects the extent to which bile acids

reabsorbed from the intestine have escaped extraction on their first passage through

the liver. In patients with cholestasis, bile acids such as CDCA and DCA accumu-

late in hepatocytes and can cause hepatocyte injury, apoptosis, and necrosis.

Hence, the level of serum total bile acids is increased in viral hepatitis and

correlated with the degree of liver fibrosis [1]. Serum total bile acid levels are

also high in hepatocellular carcinoma (HCC) [2]. Serum primary bile acids, CA

and CDCA, are increased in advanced cirrhosis [3]. In contrast, serum secondary

bile acids, DCA and LCA, are decreased [4]. Serum conjugated bile acids, such as

glycocholic acid (GCA), glycochenodeoxycholic acid (GCDCA), taurocholic acid

(TCA), taurochenodeoxycholic acid (TCDCA), and glycoursodeoxycholic acid

(GUDCA), are increased in liver cirrhosis (LC) type B. Since GCA, GCDCA,

TCA, TCDCA, and GUDCA are gradually increased in LC patients with Child–

Pugh A, B, and C (Fig. 11.1) [5], GCA, GCDCA, TCA, TCDCA, and GUDCA are

useful as potential biomarkers for LC [6].

Fig. 11.1 Bar charts of five bile acids that are differentially expressed among patients with Child–

Pugh A, B, and C cirrhosis. Serum levels of GCA, GCDCA, TCA, TCDCA, and GUDCA are

gradually increased among Child–Pugh A, B, and C. CP A Child–Pugh A, CP B, Child–Pugh B,

CP C, Child–Pugh C
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11.2 Viral Hepatitis B

11.2.1 Etiology

The most common causes of viral hepatitis are persistent hepatotropic viruses such

as hepatitis B virus (HBV) and hepatitis C virus (HCV). HBV and HCV infections

are a global health problem and the leading causes of chronic hepatitis, which may

develop into LC with/without HCC.

The advent of sensitive assays for the detection of HBV and the availability of

potent antiviral agents have improved the management of patients with chronic

hepatitis B; however, current treatment cannot eradicate the virus. An estimated

350–400 million people are chronically infected with hepatitis B (defined as

hepatitis B surface antigen positivity for �6 months). More than 780,000 people

die every year as a result of complications of hepatitis B, including cirrhosis and

HCC (World Health Organization report; http://www.who.int/immunization/dis

eases/hepatitisB/en/).

Chronic hepatitis B infection can be treated with drugs, including oral antiviral

agents or interferon. Treatment can slow the progression of cirrhosis, reduce the

incidence of liver cancer, and improve long-term survival. However, in most

people, the treatment does not cure hepatitis B infection but only suppresses

replication of HBV. In addition, lamivudine, adefovir, entecavir, telbivudine,

tenofovir, and tenofovir alafenamide (prodrug of tenofovir) are all nucleoside/

nucleotide analogs targeting HBV reverse transcriptase. Hepatic uptake of

tenofovir alafenamide is facilitated by organic anion-transporting polypeptide

(OATP)1B1 and 1B3, and these transporters also uptake bile acids [7].

11.2.2 HBV Entry Receptor

Na+/taurocholate cotransporting polypeptide (NTCP) is an HBV entry receptor.

NTCP (also known as SLC10A1) is a member of the solute carrier family 10 and

localizes to the basolateral membrane of hepatocytes. The key function of NTCP is

the Na+-dependent uptake of bile acids, allowing maintenance of enterohepatic

circulation of bile acids. HBV interacts with NTCP through the pre-S1 domain of

HBV-encoded large envelope protein [8]. The pre-S1 domain of an HBV-encoded

large surface envelope protein plays a role in virus particle entry [9].

siRNA-mediated knockdown of NTCP reduces HBV infection in primary

human hepatocytes [10]. NTCP can serve as a therapeutic target. Indeed,

myrcludex B, cyclosporin A, and some NTCP inhibitors can inhibit HBV entry

by targeting NTCP (Fig. 11.2). Myrcludex B binds to NTCP and inactivates its

receptor function for HBV. Cyclosporin A is an immunosuppressant that is classi-

fied as a calcineurin inhibitor and inhibits HBV infection by targeting NTCP [11].
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11.2.3 Bile Acids Promote HBV Replication

Nuclear receptors regulate HBV promoters and enhancers. Liver-enriched nuclear

receptors perform a pivotal role in the regulation of HBV transcription by binding

to both HBV enhancer I and enhancer II. The farnesoid X receptor (FXR) is a

metabolic nuclear receptor expressed in the liver via regulation of the expression

and function of genes involved in bile acid synthesis, uptake, and excretion. FXRα/
retinoid X receptor (RXR)α genes have emerged as key factors involved in the

maintenance of bile acid and cholesterol homeostasis. FXRα and c-Jun N-terminal

kinase (JNK)/c-Jun signal transduction pathway mediate the regulatory effect of

bile acids. FXRα/RXRα heterodimeric nuclear receptors can also mediate ligand-

dependent HBV transcription and replication when activated by bile acids. CDCA

treatment leads to JNK/c-Jun and HBV enhancer I activation that also results in

HBV enhancer II induction and enhances the level of HBV biosynthesis [12],

through FXRα, which is implicated in the metabolic regulation of HBV transcrip-

tion [13]. Small heterodimer partner (SHP) is also involved in the bile acid-

mediated regulation of HBV gene expression [14]. Bile acids induce SHP, which

mediates the inhibitory effects on HBV replication [15, 16].

HBV infection alters the expression of genes in bile acid metabolism, most

notably CYP7A1, which encodes a key enzyme involved in bile acid synthesis.

Hepatic cytochrome P450 (CYP)7A1 expression is increased in chronic HBV

patients. FXR nuclear translocation decreases, and expression of its transcriptional

Fig. 11.2 Schematic life cycle of HBV [11]. Myrcludex B, cyclosporin A, and some NTCP

inhibitors inhibit the viral entry process by targeting NTCP
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target, SHP, is reduced in the liver of HBV-infected patients. SHP is a transcrip-

tional repressor of CYP7A1, and its decrease could explain CYP7A1 induction [17]

(Fig. 11.3).

11.3 Viral Hepatitis C

11.3.1 Etiology

Chronic HCV infection is one of the most common chronic liver diseases and

accounts for 8,000–13,000 deaths each year [18]. HCV can cause both acute and

chronic hepatitis. Fifty to 85 % of patients with HCV infection develop chronic

hepatitis C. Five to 30 % of chronically infected individuals develop cirrhosis over a

20–30-year period. Chronic HCV infection often follows a progressive course over

many years and can ultimately result in cirrhosis and HCC. Current treatments such

as direct-acting antivirals for chronic HCV infection achieve high sustained viro-

logical response rates, lower the incidence of side effects, have few drug–drug

interactions, and/or shorten the duration of treatment. In the near future, in HCV

hepatitis, only acute hepatitis will remain, and chronic hepatitis will disappear and

become a rare disease by 2036 [19].

Cho 
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nucleus 
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Fig. 11.3 In HBV infection, bile acid synthesis is increased via upregulation of CYP7A1 and

downregulation of SHP, which is a transcriptional repressor of CYP7A1. CYP7A1 is a key enzyme

involved in bile acid synthesis. NTCP is an HBV entry receptor
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11.3.2 Bile Acids Promote HCV Replication

Bile acids impair interferon (IFN)-α and IFN-β signaling in hepatocytes, natural

killer cells, macrophages, and lymphocytes. Hydrophobic bile acids blunt

IFN-α-dependent Janus kinase 1 and tyrosine kinase 2 (Tyk2) activation. These

effects of bile acids on IFN signaling may limit the therapeutic use of IFNs in

hepatitis B and C. The success of HCV therapy with IFN is dependent on serum bile

acid levels. In patients with high serum levels of bile acids, IFN therapy shows

higher failure rates [20]. Low concentrations of unconjugated bile acids

(DCA/CDCA) and high concentrations of conjugated bile acid (GCDCA) increase

HCV RNA replication in HCV genotype 1b replicon [21], [22]. Bile acids (CA and

CDCA) also increase HCV RNA replication in HCV genotype 2a replicon [23].

11.3.3 Ursodeoxycholic Acid (UDCA) and Viral Hepatitis

Direct-acting antivirals are outstandingly successful in the eradication of HCV, and

anti-HBV drugs achieve sustained suppression of HBV. In addition, we have

palliative treatment with UDCA for chronic viral hepatitis. In patients with chronic

viral hepatitis, including HBV and HCV, UDCA improves serum liver transami-

nase levels without serious adverse events. However, UDCA does not eradicate

viral markers. In addition, there is no compelling evidence showing that these bile

acids beneficially affect viral markers, mortality, cirrhosis development, need for

liver transplantation, or liver histology in patients with acute or chronic hepatitis B

and chronic hepatitis C [24]. UDCA has a direct protective effect on hepatocytes

against apoptosis induced by endogenous bile acids and stimulates bile acid secre-

tion, hence reducing retention of toxic bile acids and, therefore, cell injury

[25, 26]. The mechanisms of UDCA action include reduction of toxic endogenous

bile acids, membrane-stabilizing activity, and immunomodulatory effect. At the

mitochondrial level, UDCA inhibits JNK-dependent Fas trafficking to the plasma

membrane and activates survival signals such as epidermal growth factor receptor

and mitogen-activated protein kinase. In addition, UDCA inhibits apoptosis medi-

ated by endoplasmic reticulum stress [27].

11.4 HCC

11.4.1 Etiology

Liver cancer includes two major types: HCC and cholangiocellular carcinoma

(CCC). HCC results in between 250,000 and 1 million deaths globally each year.

Worldwide, HCC is the sixth most prevalent cancer and the second leading cause of
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cancer-related death [28]. Many insults that lead to chronic liver damage, such as

intoxication, viral infection, cholestasis, or metabolic diseases, increase the risk of

HCC. HBV and HCV infections appear to be the most significant causes of HCC

worldwide. Chronic HBV infection is the leading cause of HCC in Asia and Africa,

and HCV infection is the leading cause of HCC in North America, Europe, and

Japan [29]. The annual incidence of HCC in HBV carriers is 0.5–1 % in patients

without cirrhosis and 2.5 % per year in patients with cirrhosis. The annual incidence

of HCC in HCV-related cirrhotic or pre-cirrhotic liver is reported as 4–8 %.

11.4.2 Bile Acids and Development of HCC

Abnormally high levels of bile acids induce hepatocyte DNA damage, which can

increase the mutation rate of tumor suppressor genes and oncogenes. Furthermore,

bile acids can induce cell death and inflammation to promote carcinogenesis. Bile

acid homeostasis is disrupted in HCC patients with an elevated serum bile acid level

as a proposed marker for HCC. However, the underlying mechanisms remain

largely unknown. In HCC patients, serum CA, CDCA, and DCA levels are ele-

vated, but serum UDCA level is not elevated [30]. The concentration of CDCA is

increased in human HCC tissues [31]. GCDCA contributes to the development of

HCC in a mechanism that enhances the antiapoptotic function of myeloid leukemia

cell differentiation protein-1 (Mcl-1) [32]. Mcl-1 is a major antiapoptotic member

of the Bcl2 family, which has survival and oncogenic properties. In HCC, this is

characterized by a marked increase in the CDCA/CA ratio in both serum and urine

[33]. This indicates predominant synthesis of CDCA in HCC tissues.

11.4.3 Bile Acid Transporters and HCC

Mutations in the bile salt export pump (BSEP), ABCB11, result in liver tumor

formation [34]. BSEP is an efflux transporter that plays an important role in the

disposition of bile salts from the liver, and it is predominantly expressed at the

apical (canalicular) membranes of hepatocytes [35]. Expression of BSEP is

downregulated in HCC cell lines [36]. Furthermore, expression of bile acid uptake

transporter NTCP is reduced in most cases of HCC [37].

The elevated bile acid concentrations play a role as an endogenous promoter in

hepatocarcinogenesis in rats. mdr2 gene deletion mice, which have accumulation of

bile acids in the liver, display progressive HCC [38]. Multidrug resistance (Mdr)2

(MDR3 in humans) is localized at the canalicular membrane of hepatocytes and is

responsible for the ATP-dependent translocation of phosphatidylcholine [35]. Bile

acids may directly contribute to the development of HCC in humans.

The absence of FXR and its downstream target SHP results in unsuppressed bile

acid synthesis, and the injured liver may fail to complete normal regeneration,
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leading to repeated cycles of cell necrosis and compensatory proliferation of

hepatocytes. This irregular proliferation of hepatocytes is an important factor in

promoting hepatocarcinogenesis [39]. FXR, which is necessary for maintaining bile

acid homeostasis, prevents bile acid-induced hepatocyte DNA damage and trans-

formation. Therefore, the role of FXR in the promotion of liver regeneration could

be an intrinsic mechanism for the prevention of liver carcinogenesis [40].

Bile acids are also ligands for G-protein-coupled bile acid receptor 1 (GPBAR1,
also known as TGR5 or membrane-type receptor for bile acids). The receptor is

implicated in the suppression of macrophage functions and regulation of energy

homeostasis by bile acids. In HCC patients with HBV, serum TGR5 promoter

methylation is detected [41]. TGR5 also modulates the activation of signal trans-

ducer and activator of transcription (STAT)3. STAT3 is a transcription factor

and is traditionally considered to be an oncogene in HCC; however, recent

reports demonstrate the antioncogenic functions of STAT3 in HCC development

[42, 43]. TGR5 may be a potential tumor suppressor and biomarker in liver cancer.

Fibroblast growth factor (FGF)19 is also implicated in the development of HCC.

FGF19 (also called FGF15 in rodents) is an endocrine hormone of the FGF family

that regulates bile acid, carbohydrate, and lipid and energy metabolism. EGF19

selectively binds to FGFR4, which can be further enhanced by co-receptor

FGFR4–β-Klotho. FGF19–FGFR4 signaling is also implicated in hepatocellular

tumorigenesis. In rodents, an engineered FGF19 (M70) fully retains the biological

activity of FGF19 and inhibits FGF19-mediated liver tumor formation [44].

OATP1B3 is expressed on the basolateral membranes of hepatocytes and

is encoded by the SLCO1B3 gene. OATP1B3 is a drug transporter mediating

the active hepatic uptake of bile acids and gadolinium–ethoxybenzyl–

diethylenetriamine pentaacetic acid (Gd–EOB–DTPA). Magnetic resonance

images acquired 10–20 min after Gd–EOB–DTPA injection, a period known as

the hepatobiliary phase, are useful for HCC detection. HCC shows low signal

intensity in the hepatobiliary phase of Gd–EOB–DTPA-enhanced magnetic reso-

nance imaging. OATP1B3 expression is often decreased (or absent) in HCC

relative to that of the liver parenchyma [45, 46] (Fig. 11.4).

11.4.4 Senescence-Associated Secretory Phenotype (SASP)

Secondary bile acids, particularly DCA, cause DNA damage through production of

reactive oxygen species [47] and are a major risk factor for promoting colon

tumorigenesis. In the liver, DCA provokes SASP in senescent hepatic stellate

cells [48], which in turn secrete various inflammatory and tumor-promoting factors,

thus facilitating HCC development.

Cellular senescence is now recognized as a potent tumor-suppressive mecha-

nism that arrests the growth of cells at risk for malignant transformation. However,

recent studies showed that senescent cells develop altered secretory activities that

may induce changes in the tissue microenvironment, relaxing its control over cell
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behavior and promoting tumorigenesis [49]. SASP represents cellular senescence

changes in gene expression that result in secretion of a signature profile of inflam-

matory cytokines, chemokines, and proteases associated with inflammation and

malignancy. SASP is also known as the senescence-messaging secretome [49].

11.4.5 UDCA and HCC

UDCA is a relatively hydrophilic bile acid and is well known to have a

hepatocellular protective effect in a variety of liver diseases. In HCV cirrhosis

patients, UDCA decreases the risk of HCC [50]. UDCA treatment reduces

hepatocarcinogenesis by inducing apoptosis [51]. Moreover, UDCA induces

DLC1, which is a tumor suppressor gene for HCC, by inhibiting proteasomal

DLC1 (deleted in liver cancer 1) degradation in a ubiquitin-independent manner

[52]. DLC1 induction participates in UDCA-induced suppression of HCC cellular

growth. In HepG2 cells, combined treatment with UDCA and oxaliplatin sup-

presses carcinogenesis, shifting oxaliplatin-induced necrosis to apoptosis. UDCA

also triggers the necrosis-to-apoptosis switch when combined with other platinum-

based chemotherapeutic drugs including cisplatin and carboplatin [53].
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Chapter 12

Bile Acids and Pancreatic Disease

Morihisa Hirota and Tooru Shimosegawa

Abstract It is generally believed that biliary acute pancreatitis is initiated by

contact between bile acid and pancreatic acinar cells due to bile reflux into the

pancreatic duct followed by the impaction of a gallstone into the papilla of Vater,

although it is still debatable. Several animal models of biliary acute pancreatitis

have been established and used to elucidate the molecular mechanisms by which

bile acids induce acute pancreatitis. The bile acids enter the acinar cells through

transporters on the plasma membrane and induce sustained Ca2+ influx into the

cytosol from acidic stores in the apical portion and from the endoplasmic reticulum

in the basal portion of the cells. The intercellular Ca2+ overload leads to acinar cell

necrosis subsequent to mitochondrial depolarization. A receptor Gbpa1-mediated

bile acid signaling has also been demonstrated to play an important role in the bile

acid-induced acinar cell injury. Pancreatic fluid secretion from ductal cells is

influenced by the bile acids in a concentration-dependent manner, with a stimula-

tory effect at low concentrations and an inhibitory effect at high concentrations. It is

expected to develop a specific medicine to prevent bile acids-induced acute

pancreatitis.

Keywords Acute pancreatitis • Biliary acute pancreatitis • Bile acid • Calcium •

Necrosis

12.1 Introduction

Gallstones are one of main risk factors for acute pancreatitis [1]. Following alco-

holic pancreatitis (33.5%), biliary pancreatitis is the second leading cause (26.9%)

of acute pancreatitis in Japan. In females, gallstones are most common cause
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(40.3%) [2]. Although a gallstone that migrates into the common bile duct is

regarded as a high risk for acute pancreatitis, the detailed molecular mechanisms

by which inappropriate protease activation occurs in acinar cells, exacerbates the

inflammatory process, and develops acute pancreatitis have not been precisely

elucidated. Three hypotheses are discussed in a review article by Lerch et al.

[3]. (A) Obstruction of the pancreatic duct by an impacted gallstone leads to

blocked pancreatic outflow triggering pancreatitis. (B) Opie’s common channel

hypothesis is that a gallstone impacted at the papilla creates communication

between the pancreatic and bile duct behind it, through which bile could enter the

pancreatic duct and potentially reach the acinar cells. (C) Both bile and pancreatic

ducts are obstructed by an impacted gallstone without the potential for bile reflux

into the pancreas. The obstruction of pancreatic secretion triggers the disease, but

an additional bile duct obstruction would act as an aggravating factor by increasing

the circulating or interstitial bile acid concentration [3].

There is increasing evidence that bile acid plays an important role in the

pathogenesis of biliary acute pancreatitis. In this chapter, we focus on experimental

animal models of biliary acute pancreatitis and recently elucidated molecular

mechanisms of the bile acid-induced phenomena in both acinar and ductal cells

in the pancreas.

12.2 Experimental Models of Biliary Acute Pancreatitis

12.2.1 Duct Obstruction Model

A duct obstruction model mimics the gallstone obstruction-induced acute pancre-

atitis in the clinical setting [4]. Either the common biliopancreatic duct or pancre-

atic duct is ligated to obstruct the outflow of both the bile and pancreatic juice or the

pancreatic juice alone in this model. In most animal models, except for opossum, if

the pancreatic duct alone is ligated, necrotizing pancreatitis cannot be induced

[3]. The animals develop chronic lesions in the pancreas characterized by atrophy

and apoptosis of the acinar and ductal tissue [5]. On the other hand, if the common

biliopancreatic duct is ligated, the animals develop acute pancreatitis. This model is

consistent with Opie’s common cannel hypothesis. In this situation, bile reflux

enters into the pancreas and the pancreatic intraductal pressure rises. Ligation of the

common biliopancreatic duct in rat causes acute pancreatitis with pancreatic necro-

sis and hemorrhage and a clinical syndrome resembling the multiple organ failure

observed in man [5]. On the other hand, conflicting data have been reported about

the severity of pancreatitis in this rat model from mild to severe. Moreover, the

severity of pancreatitis produced by this model varies depending on whether

rabbits, rats, or opossums are used as subjects [4].
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12.2.2 Duct Infusion Model

Acute pancreatitis induced by direct cannulation and infusion of bile acid

into pancreatic duct is another established experimental animal model for biliary

acute pancreatitis. Since 1856 when Bernard developed experimental acute pan-

creatitis by the infusion of bile and olive oil into a canine pancreas, various bile

salts such as sodium chenodeoxycholate (CDC), sodium taurocholate (TC),

sodium glycodeoxycholic acid (GDC), sodium taurodeoxycholate (TDC), and

taurolithocholic acid 3-sulfate (TLC-S) have been reported to induce acute pancre-

atitis in different species [6].

Among these bile salts, sodium TC-induced pancreatitis has been most exten-

sively characterized. Between 3% and 6% of sodium TC is effective for inducing

acute pancreatitis with edema, hemorrhage, and necrosis in large animals such as

rabbit, dogs, and pigs. However, such large animals are less susceptible to the

pancreatic injury observed in rats, which is severe enough to induce multiple organ

failure involving the lung, kidney, liver, intestine, and brain [4]. Recently geneti-

cally manipulated mice have been employed for studies of experimental acute

pancreatitis, and TLC-S is favored by researchers over sodium TC for the induction

of acute pancreatitis [6].

12.3 Mechanisms of Acinar Cell Injury by Bile Acid

12.3.1 Ca2+ Overload Initiates Acinar Cell Injury

Ca2+ signals elicited by secretagogues, such as cholecystokinin (CCK) and CCK

analogue cerulein, initiate enzyme secretion from the apical membrane of pan-

creatic acinar cells. It has been reported that hyperstimulation by a secretagogue

can induce an abnormal and sustained cytosolic Ca2+ concentration ([Ca2+]i) in

the apical pole of acinar cell and that pronounced trypsin activation and extensive

vacuole formation are localized in the same region [7, 8]. Voronina et al. dem-

onstrated that bile acids such as TLC-S, TC, and TDC induced global Ca2+

oscillation in pancreatic acinar cells that was initiated from the apical region

and then propagated to the basal region [9]. They suggested that biliary acute

pancreatitis could be explained by the potentially toxic [Ca2+]i overload induced

by bile acids.

The molecular mechanisms of bile acid-induced acinar cell injury have been

explored. Kim et al. demonstrated bile acid transporters located in the luminal and

basolateral membrane of acinar cells, Na+-dependent transporter Na+-taurocholate

cotransporting polypeptide (Ntcp) and Na+-independent transporter organic anion-

transporting polypeptide (Oatp), respectively. Moreover, they reported that cyto-

solic bile acid inhibited the sarco/endoplasmic reticulum Ca2+ ATPase (SERCA)
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pump [10]. Fischer et al. reported that phosphatidylinositol 3-kinase (PI3K) and its

product phosphatidylinositol (3,4,5)-trisphosphate (PIP3) facilitated bile acid-

induced [Ca2+]i responses in pancreatic acinar cells through the inhibition of

SERCA-dependent Ca2+ reloading into the endoplasmic reticulum (ER) and that

bile acid-induced trypsinogen activation was mediated by PI3K [11]. Pancreatic

acinar cells have a remarkably large amount of Ca2+ stores in both the ER, which is

located in the basal part of the cells, and the acidic stores, which are exclusively

located in the apical part of the cells [12]. Gerasimenko et al. described that bile

acids released Ca2+ from both the ER and the acidic stores and that TLC-S

interacted with both the inositol trisphosphate receptors (IP3Rs) and ryanodine

receptors (RyRs), which are opened through activation of nicotinic acid adenine

dinucleotide phosphate (NAADP) [13]. A Ca2+ reloading mechanism is also

involved in the pathogenesis of acinar cell injury. The principal store-operated

calcium entry (SOCE) channel ORAI1, which exists at the plasma membrane,

opens and induces Ca2+ influx into the ER after the depletion of ER Ca2+ through

interaction with stromal interaction molecule (STIM) 1 and STIM2. Inhibitors of

ORAI1, GSK-7975A, and CM_128, each inhibited all local and systemic features

of acute pancreatitis in three mouse models including a TLC-S-induced model. The

ORAI channel was identified as potential target for the early treatment of acute

pancreatitis [14].

Another mechanism of bile acid signaling in the pancreatic acinar cells through

bile acid receptor has been identified. Perides et al. reported that G-protein-coupled,

cell surface, bile acid receptor Gpba1, which is expressed at the apical pole of

acinar cells, might play a critical role in the evolution of bile acid-induced acute

pancreatitis, based on the observation of the markedly reduced generation of

pathological calcium transients, intracellular activation of digestive zymogens,

and cell injury induced by the exposure of TLC-S to the acinar cells of genetically

manipulated Gpba1-deficient mice [15].

12.3.2 Cell Fate Decision

Mitochondria play a central role in the cell fate decisions leading to either apoptosis

or necrosis during the pathogenesis of acute pancreatitis. It has been reported that

[Ca2+]i overload induced by bile acids was sufficient for mitochondrial depolariza-

tion and reduced cytosolic and mitochondrial adenosine triphosphate (ATP) in

acinar cells [16, 17]. Mitochondrial matrix calcium overload opens mitochondrial

permeability transition pore (MPTP), a nonspecific channel formed in the inner

mitochondrial membrane that allows passage of particles smaller than 1,500 Da,

causing a loss of the mitochondrial membrane potential (ΔΨm), which ultimately

leads to intercellular ATP depletion and acinar cell necrosis [18–20]. Pharmacolog-

ical and genetic MPTP inhibition protected ΔΨm, ATP production, and autophagy
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and prevented the acinar cell necrosis from bile acid-induced Ca2+ release via IP3R

and RyR. Therefore, the MPTP has been identified as a potential drug target for

acute pancreatitis [19]. On the other hand, bile acids induce prolonged intercellular

and mitochondrial Ca2+, which leads to a dose-dependent increase in the

intercellular and mitochondrial reactive oxygen species (ROS) production. The

increased ROS production promotes apoptosis and decreased necrosis [21, 22]. In

contrast to Ca2+, ROS had little effect onΔΨm. ROS and Ca2+ promote cytochrome

c release through mitochondrial outer membrane permeability, resulting in caspase

activation and apoptosis [20].

12.3.3 Effect of Bile Acid on Ductal Cell

As well as the pancreatic acinar cells, bile acids affect the ductal cells. Luminal

administration of a low dose of CDC (0.1 mM) stimulates ductal HCO3
� secretion.

In contrast, both luminal and basolateral administration of a high dose of CDC

(1 mM) strongly inhibited HCO3
� secretion from ductal cells [23]. The stimulatory

effect of a low dose of CDC on HCO3
� secretion is dependent on Ca2+. In this

situation, ductal cells may try to wash out the toxic bile acid and thus defend the

acinar cell by increasing fluid and HCO3
� secretion. On the other hand, a high

concentration of CDC leads to epithelial barrier damage, the secretory mechanisms

of pancreatic ductal cells are inhibited, and the ducts can no longer act as a

defensive wall against the toxic bile [24]. It has been documented that 1 mM of

CDC inhibits the pancreatic ductal HCO3
� secretion. In this situation, mitochon-

drial damage and intracellular ATP depletion are the most crucial factors in the

toxic inhibitory effect of CDC on pancreatic ductal secretion [24, 25].

12.4 Conclusion

The molecular mechanisms of the pathogenesis of biliary acute pancreatitis have

been explored. Bile acid-induced [Ca2+]i overload is a crucial event mediated by

IP3R and RyR on the ER membrane and SOCE channel on the plasma membrane. A

bile acid receptor, Gpba1, is another important pathway that leads to acinar cell

injury. Mitochondria depolarization followed by [Ca2+]i overload induces

intercellular ATP depletion and acinar cell necrosis (Fig.12.1). In ductal cells, a

low concentration of bile acids stimulates pancreatic fluid secretion, which may be

a protective response to wash out the toxic bile acids before they reach the acinar

cells. In contrast, a high concentration of bile acids rather inhibits the pancreatic

fluid secretion.
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Thus, some of the molecular mechanisms by which bile acids induce acute

pancreatitis have been elucidated so far. Importantly, there have been several

experimental therapeutic attempts to identify molecular targets for preventing the

processes of bile acid-induced acute pancreatitis.

Cytosolic Bile Acid

IP3R RyRs Orai/STIMSERCA pump

Intercellular Ca2+ overload

Mitochondria 

MPTP open

ATP ↓

Necrosis Apoptosis

ROS

?

Extra-cellular bile acid

Cytochrome c

Caspase

Luminal membrane Basolateral membrane

TCL-C receptor
Gpbar1

Na+-dependent 
transporter Ntcp

Na+-independent 
transporter Oatp

Cell fate

Fig. 12.1 A schema of bile acid signaling in pancreatic acinar cells. Extracellular bile acid enters

pancreatic acinar cells through Na+-dependent transporter Ntcp at the luminal membrane and Na+-

independent transporter Oatp at the basolateral membrane. Cytosolic bile acid induces intracellu-

lar Ca2+ overload to activate iP3R, RyRs, and Orai channel and to inhibit SERCA pump.

Intracellular Ca2+ overload induces MPTP opening and subsequent acinar cell necrosis by ATP

depletion. On the other hand, ROS and intracellular Ca2+ overload can induce acinar cell apoptosis

by cytochrome c/caspase pathway, as well. The intercellular signaling of bile acid receptor Gpbar1

in pancreatic acinar cells is still largely unknown. Gpbar1 G protein-coupled bile acid receptor,

Ntcp Na+-taurocholate cotransporting polypeptide, Oatp organic anion-transporting polypeptide,

IP3R inositol trisphosphate receptor, RyRs ryanodine receptors, SERCA sarco/endoplasmic retic-

ulum Ca2+ ATPase, STIM stromal interaction molecule, ROS Reactive oxygen species, MPTP
mitochondrial permeability transition pore, ATP adenosine triphosphate
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Chapter 13

Bile Acids and Esophageal Cancer

Juntaro Matsuzaki and Hidekazu Suzuki

Abstract The incidence rates of esophageal adenocarcinoma and its precursor

lesion, Barrett’s esophagus, have increased considerably in Western countries.

Duodenogastroesophageal bile reflux is the major cause of this disease. Bile acids

induce cytotoxicity in the esophageal epithelium through production of reactive

oxygen species and activation of nuclear factor-κB and its downstream signaling

pathways. Recent studies have revealed the characteristics of bile acid receptors

and transporters in Barrett’s esophagus and esophageal adenocarcinoma.

Keywords Barrett’s esophagus • Oxidative stress • CDX2 • FXR • TGR5

13.1 Duodenogastroesophageal Bile Reflux Causes

Esophageal Adenocarcinoma

Esophageal cancer is the eighth most common cancer worldwide, with 456,000 new

cases and 400,000 related deaths in 2012 [1]. The majority of esophageal cancers

are classified into two main histological subtypes: esophageal adenocarcinoma

(EAC) and esophageal squamous cell carcinoma (ESCC). In recent decades, the

incidence of EAC has increased among the white population of high-income

countries. This increase is thought to be due to the rising prevalence of obesity.

EAC typically arises from the metaplastic columnar epithelium, called Barrett’s
esophagus (BE), in the lower third of the esophagus. EAC and BE develop as a

result of long-standing gastroesophageal reflux disease (GERD). Since bile acids

are contained in gastric juices due to duodenogastric reflux, the esophagus of

patients with GERD is exposed to a mixture of acid and bile acids. Therefore, the

cytotoxic effect of bile acids can play a role in the development of BE and EAC.
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In fact, Menges et al. conducted simultaneous 24-h esophageal pH and bile reflux

testing and found that acid and bile exposure were more extensive in 23 patients

with BE than in 20 patients with esophagitis [2]. Nehra et al. investigated the

spectrum of bile acids by using 15-h continuous esophageal aspiration with simul-

taneous pH monitoring [3]. The predominant bile acids detected were cholic acid

(CA), taurocholic acid, and glycocholic acid, but there was a significantly greater

proportion of secondary bile acids, deoxycholic and taurodeoxycholic acids (DCA

and TDCA, respectively), in patients with BE.

In contrast, the association between ESCC and bile acid reflux is controversial.

ESCC arises in squamous epithelial cells and usually occurs in the upper and

middle third of the esophagus. Smoking and heavy alcohol consumption are the

main factors that increase the risk of ESCC. The incidence of ESCC is declining in

developed countries probably due to a decline in tobacco smoking; however, this

incidence remains common in Africa and eastern Asia. These characteristics of

ESCC imply the difference in underlying etiologies of ESCC and EAC. However,

from another perspective, tobacco smoking and heavy alcohol consumption

increase the risk of erosive esophagitis and BE, especially in Asians [4]. More

interestingly, in several rat duodenal and gastroduodenal contents reflux models,

both ESCC and EAC can develop without stimulus from any known carcinogens

[5]. Therefore, we can not deny the possibility that bile acids might play a role in the

development of ESCC.

In the following sections, we provide an overview of recent studies related to

EAC and bile acids.

13.2 Risk of BE in Patients After Resection of the Lower

Esophageal Sphincter

Since esophageal reflux of gastric and duodenal contents is facilitated after

esophagectomy or gastrectomy, several researchers assessed the relationship

between the resection of the esophagus or stomach and development of BE or

EAC. Avidan et al. reported that Billroth-1 gastrectomy, Billroth-2 gastrectomy,

vagotomy, and pyloroplasty were not associated with BE [6]. However, O’Riordan
et al. showed that BE occurs frequently after lower esophagectomy [7]. Among

48 patients with a median follow-up period of 26 months (range ¼ 12–67 months)

postesophagectomy, 24 (50%) developed columnar metaplasia, and of these, 13 had

specialized intestinal metaplasia. The prevalence of specialized intestinal metapla-

sia increased over time possibly due to chronic acid and bile exposure. In addition,

Tsiouris et al. reported that concomitant fundoplication with resection of the

gastroesophageal junction had some protective effect against the development of

BE [8]. Thus, the association is still controversial, but careful long-term observation

should be recommended for patients after the resection of the lower esophageal

sphincter.
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13.3 Theories on Cellular Origin of BE

There are two distinct hypotheses on the mechanisms of metaplastic conversion

of esophageal squamous epithelium to BE. One possibility is the conversion of

differentiated squamous cells or stem cells of the squamous epithelium in the basal

cell layer. Alternatively, cells at the gastroesophageal junction or transitional zone

may colonize the distal esophagus in response to noxious luminal contents.

There are extensive in vitro evidences that suggest the transdifferentiation of

squamous cell lineage to BE. CDX2, a member of the caudal-related homeobox

gene family, may play a major role in the development of BE. Since CDX2

regulates intestinal cell differentiation, stomach-specific transgenic overexpression

of CDX2 induced intestinal metaplasia in mice stomach [9]. CDX2 is not expressed

in squamous epithelial cells in normal human esophagus; however, it is aberrantly

expressed in BE [10]. Therefore, several researchers investigated CDX2 expres-

sion in esophageal squamous cell cultures during exposure to acid and bile and

found a high expression of CDX2 in response to bile acids via the activation of

nuclear factor-κB (NF-κB) [11–13]. Kong et al. generated transgenic mice that

expressed the CDX2 transgene in esophageal squamous tissues [14]. They found

that ectopic CDX2 transgene expression in esophageal squamous cells reduced

basal epithelial cell proliferation and barrier function and altered cell morphology

in vivo.

On the other hand, recently, two studies on animals models strongly suggested

that BE arises from a gastric cardia lineage of BE-like metaplasia. Wang et al.

showed that p63-deficient mice rapidly developed intestine-like metaplasia with

gene expression profiles similar to BE [15]. Using this model, they reported that

Krt7-positive epithelial cells at the squamocolumnar junction are the origin of

BE. They concluded that BE does not develop because of genetic alterations but

because of competitive interactions between cell lineages driven by opportunity.

Quante et al. observed the novel BE-model mice (L2-IL-1β mice) in which human

IL-1β was overexpressed in the esophagus [16]. They also showed that the migra-

tion of gastric cardia progenitor cells, including leucine-rich repeat-containing G

protein-coupled receptor 5-positive cells, may cause BE development. In addition,

oral administration of DCA accelerated intestinal metaplasia and dysplasia in this

model. However, as mentioned in the previous section, BE and EAC developed

even after the resection of esophagogastric junction or total gastrectomy. Thus, if

progenitors of BE exist only in the esophagogastric junction or gastric cardia, the

development of BE after the surgery cannot be explained.

The other possibilities include multipotent stem cells in the submucosal glands

of the esophagus or migrated cells from the bone marrow. However, we need

further investigations to conclude the origins of BE.

13 Bile Acids and Esophageal Cancer 179



13.4 Molecular Mechanisms of How Bile Acids Stimulate

the Development of EAC

Various in vitro investigations showed that bile acids enhance cell proliferation and

confer resistance to apoptosis in BE and EAC cells [17–20]. Tselepis et al. reported

that c-myc expression was upregulated in BE and EAC cells during exposure to

chenodeoxycholic acid (CDCA) or DCA [21]. The production of reactive oxygen

species (ROS) can explain some of these phenotypic changes during the exposure to

bile acids. ROS also cause oxidative DNA damages, leading to carcinogenesis

[22, 23]. In addition, ROS are known to activate NF-κB and enhance downstream

signals, such as epidermal growth factor receptor (EGFR), IL-1β, IL-8, and cyclo-

oxygenase (COX)-2 [22, 24–26]. COX-2 was also reported to be regulated by

cAMP response-binding protein (CREB) and activation protein-1 (AP-1) through

ROS-mediated activation of PI3K/AKT (phosphatidylinositol 3-kinase/protein

kinase B) signaling pathway and extracellular signal-related kinases (ERK) 1/2

during exposure to CDCA or DCA [27].

Since ROS production in esophageal epithelial cells was inhibited by

diphenyleneiodonium chloride (an NADPH oxidase [NOX] inhibitor) or N(G)-

monomethyl-l-arginine (a nitric oxide synthase [NOS] inhibitor), NOX and NOS

play roles in ROS production during exposure to bile acids [28]. McAdam et al.

reported that DCA induces inducible NOS (iNOS) expression and produces nitric

oxide (NO) in esophageal epithelial cells [29]. Hong et al. reported that TDCA

increased NOX5-S expression and hydrogen peroxide (H2O2) production in EAC

cells [17]. They also revealed that TDCA-induced increase in NOX5-S expression

might depend on sequential activation of phosphoinositide phospholipase Cγ2
(PI-PLCγ2) and mitogen-activated protein kinases (MAPK)/ERK signaling

cascade.

Two types of bile acid receptors have been identified in BE: the cell membrane

receptor Takeda G protein-coupled receptor 5 (TGR5) and the nuclear receptor

farnesoid X receptor (FXR). Hong et al. observed that TDCA activates TGR5,

leading to the upregulation of NOX5-S expression in BE and EAC cells [19]. On the

other hand, we observed that oncogenic microRNA-221/222 was upregulated

through the activation of FXR during exposure to CA or CDCA in BE and EAC

cells. The target of these microRNAs, p27Kip1, was downregulated, and

proteasomal degradation of CDX2 was enhanced by the activation of FXR

[30]. Thus, both FXR and TGR5 could play roles in the progression from BE to

EAC. In addition, the expressions of bile acid transporters, such as the apical

sodium-dependent bile acid transporter (ASBT), ileal bile acid-binding protein

(IBABP), and multidrug-resistant protein 3 (MRP3), are increased in BE [31],

although these functions are not distinguished enough.
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13.5 Association of Obesity and the Bile Acid Composition

There is a remarkable association between abdominal obesity and GERD, including

BE and EAC. Classically, abdominal obesity was thought to increase intragastric

pressure and gastroesophageal pressure gradient. However, Anggiansah et al.

observed that esophageal mechanical function was not associated with increased

reflux in obese individuals [32]. Alternatively, recent observations have suggested

that other mechanisms, including the release of humoral mediators from visceral

adipose tissue, may provide a better explanation for the association between obesity

and EAC [33].

One of the promising possibilities is the alteration of the bile acid composition

related to lifestyle or obesity. Chen et al. investigated the bile acid composition of

the bile juice in rats [34] and noted that high dietary animal fat increased the

concentration of taurine conjugates in the bile juice. In addition, they carried out

esophagojejunostomy for reflux of the duodenal contents and compared sequential

morphological changes between rats fed with low soybean-oil diet and those with

high cow-fat diet for up to 30 weeks after surgery. The animals with reflux in the

high cow-fat group had a significantly higher incidence of BE and Barrett’s
dysplasia than those in the low soybean-oil group, and the incidence of EAC in

the high cow-fat group was also slightly higher than that in the low soybean-oil

group. Since bile acid composition is quite different in humans and rodents, more

human studies are warranted.

13.6 Protective Effects of Ursodeoxycholic Acid

Peng et al. investigated whether ursodeoxycholic acid (UDCA) protected against

DCA-induced injury in patients and in vitro [23]. They took biopsies of BE from

21 patients before and after esophageal perfusion with DCA at baseline and after

8 weeks of oral UDCA treatment. Baseline esophageal perfusion with DCA signif-

icantly increased the levels of phospho-H2AX and phospho-p65 in Barrett’s meta-

plasia, whereas oral UDCA increased the levels of glutathione peroxides 1 (GPX1)

and catalase in Barrett’s metaplasia and prevented DCA perfusion from inducing

DNA damage and NF-κB activation. At the cellular level, DCA-induced DNA

damage and NF-κB activation were prevented by 24-h pretreatment with UDCA,

but not by a combination of UDCA with DCA. UDCA activated nuclear factor

erythroid 2-related factor 2 signaling that increased GPX1 and catalase expression,

and protective effects of UDCA pretreatment were blocked by siRNA knockdown

of these antioxidants. Rizvi et al. investigated the efficacy of the combination of

UDCA and aspirin [35]. They showed that UDCA-aspirin combination reduced

the risk of adenocarcinoma in animals with reflux, decreased the proliferation

of esophageal adenocarcinoma cells, and downregulated a key cell cycle

regulator, cyclin-dependent kinase 2 (CDK2). In addition, they noted that GLI1, a
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hedgehog-regulated transcription factor, was upregulated during esophageal carci-

nogenesis, and GLI1 could bind to the CDK2 promoter and activate its expression.

The UDCA-aspirin combination could downregulate GLI1. Thus, the chemopre-

ventive effect of UDCA is worthy of being verified by an observational study or a

clinical trial.

13.7 Conclusions and Future Prospects

Basic as well as clinical studies focusing on bile acids have provided important

insights into the development of EAC. ROS production stimulated by bile reflux

probably plays a major role in carcinogenesis. Bile acid receptors and transporters

also probably are involved. However, there are still many issues at the molecular

level that need to be resolved. In addition, recent next-generation sequencing

technologies provide additional data on gut microbiota. Since bile acid metabolism

is modulated by the gut microbiota, it also possibly plays an important role in the

development of EAC. Further studies on bile acids and EAC will provide us novel

biomarkers, therapeutic targets, and strategies of lifestyle interventions.
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Chapter 14

Bile Acid and Colorectal Cancer

Michiaki Unno

Abstract Colorectal cancer is one of the most common causes of cancer death

worldwide. The mechanism of colorectal carcinogenesis is still unknown, so that

the prevention of colorectal cancer is strongly desired. The bile acids, cholesterol

derivatives, were thought to be implicated in the pathogenesis of many diseases. In

particular, secondary bile acids are thought to be associated with the colorectal

carcinogenesis regarding the colorectal mucosal proliferation, apoptosis, and oxi-

dative DNA damage. On the other hand, certain bile acids, ursodeoxycholate, might

protect against colorectal carcinogenesis. This review will examine the opposing

effects on colorectal tumor promotion and tumor inhibition.

Keywords Bile acid • Colorectal cancer • UDCA • Chemoprevention

14.1 Introduction

Colorectal cancer (CRC) is one of the most common causes of cancer death

worldwide, with more than 100,000 persons per year developing CRC in Japan

[1]. Recent increases in patients with CRC might be associated with the Western

diet and obesity. There is a strong evidence that a high-fat diet is positively

correlated with the incidence of CRC [2–4].

Bile acids are cholesterol derivatives that play an important role of fat metabo-

lism. Bile acids are amphipathic molecules that contain a sterol nucleus with

hydroxyl groups and a side chain with a terminal carboxylic acid. The principal

bile acids in humans are cholic acid (CA) and chenodeoxycholic acid (CDCA),

which are primary bile acids, and deoxycholic acid (DCA) and lithocholic acid

(LCA), which are secondary bile acids, and their glycine and taurine conjugates.

It was thought that the main function of bile acid was to emulsify lipid aggre-

gates and to solubilize them in a hydrophilic environment. However, recently, bile

acids were found to serve as signaling molecules, capable of activating the
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signaling pathway. Therefore, bile acids have been implicated in the pathogenesis

of many diseases, especially colorectal cancer.

Bile acids were shown to activate a number of different receptors, including

farnesoid X receptor (FXR), pregnane X receptor (PXR), vitamin D receptor

(VDR), G protein-coupled receptor (TGR5), and EGFR [5–9]. In addition, bile

acids have been shown to activate signaling molecules such as c-Jun N-terminal

kinase (JNK), protein kinase B (AKT), and extracellular signal-regulated kinase

1 and 2 (ERK1/2), epidermal growth factor (EGFR), mitogen-activated protein

kinase (MAPK), and others [10, 11].

In this review, we first describe the biochemical and physiological roles of bile

acids in colorectal carcinogenesis. Next, we summarize the potential protective

activity of bile acids, mainly UDCA, against colorectal carcinogenesis.

14.2 Bile Acids and Colorectal Carcinogenesis

DCA was first proposed to be a carcinogen of CRC in 1940 by Cook et al.

[12]. They reported the induction of tumors after DCA injection into mice. Since

then, many researchers have examined the effect of DCA, CDCA, and LCA on

tumor progression or carcinogenesis. In 1999, in a study using mice with a germ

line mutation in Apc (Min/+) as a model of familial adenomatous polyposis (FAP),

the administration of CDCA increased duodenal tumors [13]. Moreover, some bile

acids had a promoting effect on colorectal carcinogenesis after intrarectal instilla-

tion of methyl-N ’-nitro-N-nitrosoguanidine (MNNG) [14–16] or N-methyl-N-

mitrosourea (MNU) [17]. Based on these experiments in non-mutated rat model

systems, it has been generally assumed that bile acids act as promoters, but not as

carcinogens, in humans [18].

In general, a Western diet high in fat, low in vegetables, is strongly linked with

both a higher incidence of CRC and higher level of fecal bile acid, such as DCA. Ou

et al. reported that 3–4 times as much DCA is present in persons who consume a

high-fat diet compared to those who maintain a low-fat diet [19]. In addition,

patients with colonic adenomas and carcinomas usually present elevated concen-

trations of serum or fecal bile acids [20, 21]. Epidemiologic studies also reveal an

increased risk of colorectal cancer linked to high serum or fecal bile acid

concentrations [22].

Moreover, an assessment of human colon biopsies showed that high DCA serum

levels positively correlated with increased proliferation rates of colon epithelium

[23]. In addition, a study of bromodeoxyuridine labeling of colonic epithelium

showed that DCA has a complex influence on mucosal proliferation [24].

On the other hand, bile acids induce apoptosis in colon cells through different

mechanisms. The extrinsic apoptotic pathways, for example, Fas and Fas-L, seem

to have low relevance regarding bile acid cytotoxicity in the colon because the

colon cells may downregulate Fas surface expression or develop a signaling

pathway that inhibits the Fas receptor signaling [25]. In contrast, bile acids mainly
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trigger apoptosis through direct or indirect mitochondrial perturbations, where

oxidative stress plays a key role. Bile acid-induced apoptosis through the mito-

chondrial pathway has been described in many colon cancer cells [25–27]. Regard-

ing HCT-116 cells, bile acid treatment, mainly DCA, promotes the release of

cytochrome c from the mitochondria [28].

DCA and other hydrophobic bile acids increase oxidative/nitrosative stress

through the generation of reactive oxygen/nitrogen species (ROS/RNS). Some of

the generated ROS results from a direct detergent effect of bile acids on membrane

enzymes, phospholipase A2 (PLA2). PLA2 generates arachidonic acid, and

arachidonic acid is acted on by cyclooxygenase and lipooxygenase to release

ROS. Finally, the ROS cause oxidative DNA damage.

ROS are also produced by mitochondria. Mitochondria are known to be dam-

aged by bile acids, although the mechanism is not established.

As indicated before, bile acid causes oxidative/nitrosative stress and the release

ROS and RNS. Oxidative DNA damage can cause mutations. Bile acids also

increase NOS2 expression leading to the increased production of RNS and

increased DNA damage.

It was thought that a high level of bile acids would promote DNA damage,

mainly by oxidative stress, including mutations that may lead to an aberrant

expression of oncogenes or tumor suppressor genes. Another possibility is that

the continuous exposure to high levels of bile acids would allow selective growth of

cell populations resistant to their apoptotic effect, which is one of the major risk

factors for the colorectal carcinogensis [29].

It was been suggested that there is an increased risk of CRC after cholecystec-

tomy due to increased level of secondary bile acid, especially right-sided colon

tumors. However, a meta-analysis revealed that the there is no relationship between

cholecystectomy and CRC [30]. It might be considered that the risk of right-side

colon cancer following the cholecystectomy would be relatively small.

14.3 Chemoprevention of Colorectal Cancer

On the other hand, certain bile acids might protect against colorectal carcinogen-

esis. Ursodeoxycholate (UDCA) is a bile acid that is present in human bile juice at

low concentrations, representing only 3% of total bile acids. UDCA is a 7,-hydroxy

epimer of the primary bile acid CDCA and can be isolated from the Chinese

medicine Yutan, which is derived from the dried bile of adult Chinese black

bears [31]. UDCA was initially used for gallstone dissolution and is also employed

as the first-line therapy for primary biliary cirrhosis, as well as for other chronic

cholestatic liver diseases [32]. UDCA partially blocks the ileal absorption of

endogenous bile acids, thereby promoting high concentrations of both UDCA and

endogenous bile acids in the colon [33]. A study using the azoxymethane (AOM)

model of experimental colon cancer showed that dietary supplementation with

UDCA significantly reduced the number of tumor-bearing rats and abolished the
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development of carcinoma [34]. UDCA was also able to inhibit colitis-related

mouse colon carcinogenesis [35]. Based on these observations, the idea of using

UDCA as a chemopreventative agent for colorectal carcinogenesis was raised.

In humans, the potentially chemoprevention action of UDCA has been investi-

gated in six retrospective studies and four prospective studies [36–45]. In a ran-

domized double-blind placebo-controlled trial (Fig. 14.1), the potentially

preventive effect of UDCA on colorectal adenoma recurrence was assessed in

1285 individuals who had undergone adenoma removal [36] and started randomly

allocated UDCA or placebo intervention. UDCAwas given at doses of 8–10 mg/kg/

day vs. placebo for 3 years. Finally, 1192 underwent at least one colorectal

evaluation 6 months or more after randomization and were evaluated for the out-

comes: 579 in the placebo group and 613 in the UDCA group. The results of the

study indicated that UDCA treatment was associated with a nonstatistically signif-

icant reduction in total colorectal adenoma recurrence but with a statistically

significant 39% reduction in the recurrence of adenoma with high-grade dysplasia.

Based on the results, long-term administration of UDCA for more than 5 years

should be evaluated in a subpopulation of patients at risk of having a recurrence of

highly dysplastic adenomas. A secondary analysis of the trial showed that the

patients’ gender might also modify the UDCA effect, preventing advanced

R

UDCA
(8-10mg / kg 
of body weight)

placebo

Eligible
N=1537

N=661

N=624

Excluded
N=252

Analyzed
N=613

Analyzed
N=579

Any adnoma 251 (41.0 %)
High-grade dysplasia 33  (5.5 %)*
Advanced lesion 99 (16.2 %)

Any adnoma 254 (43.9 %)
High-grade dysplasia 50 (8.7 %)
Advanced lesion 110 (19.0 %)

* P = 0.03 

Fig. 14.1 The schema of the randomized control study [36]. Eligible criteria included the removal

of one or more colorectal adenomas with a diameter of 3 mm or more during a colonoscopy

examination within 6 months before study registration. Of 6570 potential participants, 1537 were

eligible for randomized. Of these 1537 participants, 252 were excluded for various reasons. Of

these, a total of 1192 underwent at least one colorectal evaluation 6 months of more after

randomization and were evaluable for outcome. Finally, 579 in the placebo group and 613 in the

UDCA group were analyzed. The primary outcome of this phase III study was the recurrence of

colorectal adenomas in 3 years. The results indicated that a nonstatically significant (P ¼ 0.15)

12% reduction in the adenoma recurrence rate is associated with UDCA intervention (rate

ratio ¼ 0.88, 95% confidence interval (CI) ¼ 0.37–1.05). However, a statistically significant

(P¼ 0.03) UDCA related reduction in recurrence of adenoma with high-grade dysplasia (adjusted

OR ¼ 0.61, 95% CI ¼ 0.39–0.96).
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colorectal adenoma in men while increasing the odds in women with high-fat

intakes [46]. These finding suggests that UDCA acts in a complex manner that is

not currently well understood.

The UDCA effects were investigated in patients with inflammatory bowel

disease (IBD) with primary biliary cirrhosis (PBC). The first study was a retrospec-

tive analysis of risk factors for dysplasia in 59 patients with UC-associated PBC. On

multivariate analysis, UDCA was negatively associated with the risk of colonic

dysplasia.

In the patients with familial adenomatous polyposis (FAP), duodenal adenomas

are observed in approximately 90%. Some studies suggest that bile acids may play a

role in the development of duodenal adenomas. Therefore, 71 patients with FAP

and restorative proctocolectomy were randomized to receive UDCA or a placebo

for 2 years. The results indicated that nine (25%) patients in the UDCA group and

seven (20%) in the placebo group had a decrease in Spiegelman’s score (p¼ 0.614),

suggesting that UDCA had no significant effect on the severity of duodenal

adenomas in FAP patients [45].

14.4 Future Perspective

In this review, we summarized the two biological effects of the bile acids. The bile

acids can induce cellular stresses, oxidative DNA damage, and mitochondrial

damage in the epithelial cells in the GI tract. Persistent exposure of the bile acids

can result in the development of apoptosis resistant and the modulation of many

genes/proteins associated with colorectal carcinogenesis. On the other hand, che-

moprevention effect of UDCA has been shown in several clinical studies; however,

the efficacy of the UDCA is still under debate. Further basic research into bile acids

may provide the new therapy for the CRC.
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Chapter 15

Bile Acids and Metabolic Syndrome

Hiroki Taoka and Mitsuhiro Watanabe

Abstract Bile acids (BAs) are not only facilitators of dietary lipid absorption but

also important signaling molecules that participate in various metabolic pathways.

Some major signaling pathways involving the nuclear BAs receptor farnesoid X

receptor (FXR) and the G protein-coupled BAs receptor TGR5/M-BAR have been

identified to be the targets of BAs. BAs affect diverse metabolic pathways including

glucose metabolism, lipid metabolism, and energy expenditure via these major

pathways. Therefore, BA signaling mechanisms are attractive therapeutic targets

of the metabolic syndrome. Actually, bile acid-binding resin (BABR) originally

used to treat hypercholesterolemia also stimulates incretin secretion and improves

glucose metabolism. In addition to BABR, the clinical applications of FXR and

TGR5/M-BAR agonists are ongoing for the treatment of metabolic syndrome. The

effects of bariatric surgery on glycemic control are also associated with BA

metabolism.

In this chapter, we summarize current knowledge of the metabolic regulation

mechanisms of BAs and propose BA signaling pathways as a therapeutic target of

the metabolic syndrome.
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15.1 Introduction

Bile acids (BAs) are the main constituents of bile and amphipathic molecules,

containing both hydrophilic and hydrophobic regions. BAs are synthesized from

cholesterol in the liver, stored in the gallbladder, and flow into the small intestine

after meal ingestion. Intestinal BAs facilitate digestion and absorption of lipids and

fat-soluble vitamins [1].

Recent reports have suggested that BAs are responsible not only for the absorp-

tion of lipids but also for signal transduction. Some major signaling mechanisms

have been identified including the MAPK pathways, the nuclear hormone receptor

farnesoid X receptor (FXR)-mediated pathway, and the G protein-coupled receptor

TGR5/M-BAR (also named GPR131)-mediated pathway [2–5]. The main role of

the FXR signaling pathway is regulating both BA biosynthesis and enterohepatic

circulation to maintain BA homeostasis [6]. In addition, FXR signaling has been

known for regulating lipogenesis gene expression and improving hepatic steatosis

[7]. Moreover, recent studies have shown that BAs and FXR signaling are associ-

ated with the beneficial glycemic effects of bariatric surgery [8–10]. TGR5/M-BAR

signaling pathway stimulates energy expenditure in the brown adipose tissue (BAT)

and the skeletal muscle [11]. Furthermore, TGR5/M-BAR is involved in inducing

incretin secretion, such as glucagon-like peptide-1 (GLP-1) [12]. GLP-1 is secreted

by dietary stimulation from enteric L cell and promotes insulin secretion by binding

to the GLP-1 receptor in the pancreatic β cell. Further, GLP-1 maintains pancreatic

function, and GLP-1 receptor agonists have been developed for the treatment of

diabetes [13]. Taken together, BAs not only participate in digestion and absorption

of lipids but also in various metabolic pathways. BA signaling participates in

various diseases such as cancer, immune disorders, and metabolic syndrome [14–

16]. In this chapter, we summarize current knowledges of the metabolic regulation

mechanisms via BAs signaling and propose BA signaling pathways can be a

therapeutic target of the metabolic syndrome.

15.2 FXR Signaling and Metabolic Syndrome

15.2.1 Glucose Metabolic Regulation of FXR

Glucose induces the expression of FXR and CYP7A1, and insulin reduces their

expression in vitro [17]. Further studies have shown that BAs seem to regulate

gluconeogenesis, but the mechanisms remain poorly understood. Some studies have

indicated that the expression of phosphoenolpyruvate carboxykinase (PEPCK), the
rate-limiting enzyme of gluconeogenesis, is suppressed by BAs in human liver

cancer cells (HepG2 cells) and murine liver [18–20]. Additionally, other enzymes

that participate in gluconeogenesis, such as glucose 6-phosphatase (G6Pase) and

fructose 1,6-bisphosphatase 1 (FBP1), are also repressed by BAs [18]. These effects

194 H. Taoka and M. Watanabe



are diminished in both FXR and SHP knockout mice, supporting the postulate that

BAs repress gluconeogenesis in an FXR-SHP-dependent manner [20]. However,

others have reported that FXR-dependent signaling induces PEPCK expression and

increases gluconeogenesis in primary hepatocytes and rat hepatoma cell lines

[21]. Furthermore, latest research has revealed that activating intestinal FXR

inhibits GLP-1 secretion in L cells [22]. In terms of glycogen synthesis, BAs

increase hepatic glycogen synthesis and storage, resulting in decreased blood

glucose levels in an FXR-dependent manner (Fig.15.1) [23]. A previous study

demonstrated that long-term FXR activation (3 months) with a synthetic FXR

agonist, GW4064, worsened glucose intolerance and insulin resistance in high-

fat-fed C57BL/6J mice [20, 24]. The mechanism behind the bad effect of GW4064

is lowering the BA pool size following FXR activation. In contrast, some reports

have suggested that short-term (10 days) FXR activation by the synthetic FXR

agonist GW4064 reduced glycolytic gene expression and improved insulin resis-

tance in ob/ob or db/db mice [23, 25]. From these data, the difference of the
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VLDL↓ 
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SHP↑ 

SREBP1CC↓ 
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ApoCII ↑

HDL-C↓
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Fig. 15.1 FXR-dependent metabolic regulation. FXR signaling regulates lipid and glucose

metabolism. FXR signaling reduces lipogenesis (SREBP1c) and induces fatty acid β oxidation

(PPARα) and plasma TG clearance (LPL and VLDL-R), resulting in decreased plasma VLDL

levels. Plasma HDL-C uptake is also increased by FXR and SRB1 activity. FXR signaling

upregulates glycogenesis and glucose uptake, downregulates glycogenolysis, and reduces blood

glucose levels. Hepatic FXR signaling is also associated with gluconeogenesis, but the controlling

mechanism is still unclear. Angptl3 angiopoietin-like protein 3, ApoCII/CIII apolipoprotein

CII/CIII, FXR farnesoid X receptor, G6Pase glucose-6-phosphatase, HDL-C high-density lipo-

protein cholesterol, LPL lipoprotein lipase, PEPCK phosphoenolpyruvate carboxykinase, PPARα
peroxisome proliferator-activated receptor α, SR-B1 scavenger receptor B1, SREBP1c sterol

regulatory element-binding protein 1c, TG triglyceride, VLDL-R very low-density lipoprotein

receptor
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GW4064 administration period may lead to the opposite result. Actually, long-term

administration of BAs, the endogenous natural ligands of FXR, did not decrease the

BA pool size and subsequently improved glucose intolerance and insulin

resistance [24].

15.2.2 Lipid Metabolic Regulation of FXR

BAs are associated with regulating triglyceride (TG) metabolism as well as cho-

lesterol metabolism. The relationship between BAs and TG was first reported in the

treatment of gallstones with CDCA. CDCA treatment decreased the serum TG level

in patients with gallstones [26]. In fact, BAs or a synthetic FXR agonist affected TG

metabolism via several mechanisms including the FXR-mediated pathway. SHP,

the target of FXR, suppressed the upregulation of sterol regulatory element-binding

protein-1c (SREBP-1c), the master regulator of fatty acid and TG synthesis, to

reduce the expression of the lipogenic genes such as acetyl-CoA synthetase, acetyl-

CoA carboxylase, stearoyl CoA desaturase 1, and fatty acid synthase [7, 27]. In

addition, the TG-lowering effects were attenuated in SHP knockout mice, indicat-

ing that SREBP-1c-mediated lipogenesis is inhibited in an FXR-SHP-dependent

manner [7]. Additionally, FXR activation by BAs increases the expression of

apolipoprotein (Apo) CII to activate lipoprotein lipase, which stimulates TG hydro-

lysis in very low-density lipoprotein (VLDL) and chylomicrons and facilitates TG

clearance from the serum [28]. The expressions of ApoCIII and angiopoietin-like

protein 3 (Angptl3), inhibiting lipoprotein lipase activity, were repressed by FXR

stimulation with BAs [29–31]. In addition, FXR induces the gene expression of the

VLDL receptor, which is responsible for plasma TG clearance [32].

BAs also suppress the expression of microsomal triglyceride transfer protein

(MTP) and ApoB by FXR-independent mechanisms to inhibit the formation of

VLDL and chylomicrons [33]. Not only VLDL but also high-density lipoprotein

(HDL) clearance is suggested to be under the modulation of BAs. The expression of

scavenger receptor B1 (SRB1), a molecule in charge of hepatic uptake of HDL, is

reduced, and HDL-C is elevated in FXR knockout mice [34]. In addition, the

administration of an FXR ligand increases hepatic SRB1 expression and decreases

HDL-C levels [35].

BAs control other major regulators of lipid metabolism such as PPARα and

pyruvate dehydrogenase kinase-4 (PDK4). The nuclear receptor PPARα, which is

activated by free fatty acids (FFA), decreases serum TG levels and exerts an

important role for controlling enzymes participating in fatty acid oxidation

[36]. A study suggested that BAs regulate PPARα directly via FXR in humans,

although not in mice [37]. PDK4 is also upregulated by BAs in an FXR-dependent

manner, resulting in the inactivation of pyruvate dehydrogenase, a decrease in

glycolysis, and an increase in fatty acid β oxidation (Fig.15.1) [38].
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15.2.3 Anti-atherosclerotic Effect of FXR

Some researches show that FXR signaling is associated with onset of atheroscle-

rosis. ApolipoproteinE (apoE)-FXR double-knockout mice fed with atheroma-

induced diet developed severe atherosclerosis [39]. On the other hand, foam cell

formation and atherosclerosis development are inhibited in both low-density lipo-

protein receptor (LDLR)-FXR double-knockout mice and apoE-FXR double-

knockout mice [40, 41]. FXR activation by the synthetic FXR agonist of INT-747

reduced formation of aortic plaque [42]. And more, treatment of synthetic FXR

agonist of WAY-362450 also inhibited diet-induced hypertriglyceridemia and

aortic lesion formation [43].

15.2.4 Intestinal FXR and Metabolic Regulation

Intestinal FXR has been recently identified as a possible target for improving

metabolic syndrome. Intestinal FXR activation induces the expression of fibroblast

growth factor (FGF)15/19, and several studies have demonstrated that FGF15/19

affects glucose and energy homeostasis. FGF19 transgenic mice showed increased

hepatic β oxidation, reduced adipose tissue weight, and improved glucose tolerance

and insulin sensitivity [44]. In mice, hepatic acetyl-CoA carboxylase 2 (ACC2)
mRNA was decreased, and the mass of the BAT was increased. ACC2 exists at the

mitochondrial membrane and converts acetyl-CoA to malonyl-CoA. ACC2 activa-

tion results in an elevation of malonyl-CoA levels, which inhibit carnitine palmitoyl

transferase-1 (CPT-1) activation [45]. CPT-1 transfers FFA from the cytoplasm to

the mitochondria and induces fatty acid β oxidation. In addition, hyperglycemia is

improved upon administration of FGF19 protein in obese mice [46]. Furthermore,

activation of intestinal FXR by administration of fexaramine, an FXR agonist,

improved obesity and insulin resistance by inducing FGF15, changing the serum

BA composition and stimulating systemic TGR5/M-BAR [47]. These results sug-

gest the possibility that metabolic disease is improved through the intestinal

FXR-FGF15/19 signaling pathway.

The primary BAs excreted into the intestine become deconjugated BAs and are

converted into various secondary BAs by microbial enzymes [48]. In germfree

(GF) mice, reduction of gut microbiota facilitating BA deconjugation leads to

increased tauro-beta-muricholic acid (T-β-MCA) and decreased beta-muricholic

acid. In comparison to conventionally raised mice, FXR-dependent BA synthesis is

reduced in GF mice by increasing T-β-MCA of FXR antagonist. Therefore, the

microbiota is associated with regulating BA homeostasis via the inhibition of

intestinal FXR signaling by changing the BA composition [49]. In contrast to

previous reports, recent studies have noted that alteration of the BA composition

by microbiota and inhibition of intestinal FXR activity improved lipid and glucose

metabolism. Increased T-β-MCA reduced intestinal FXR activation and decreased
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serum ceramide levels through repression of ceramide synthesis, which reduced

expression of hepatic SREBP-1c and resulted in an improvement of obesity and

nonalcoholic fatty liver disease (NAFLD) [50–52]. Additionally, intestinal FXR

deactivation may also improve glucose metabolism as well as lipid metabolism.

FXR activation in L cells decreased glycolysis, proglucagon expression, and cAMP

levels [22]. Thus, GLP-1 production and secretion were inhibited [22]. Conflicting

opinions suggest that microbiota regulation of BA homeostasis and intestinal FXR

activation are involved in controlling hepatic lipid accumulation and glucose

metabolism (Fig.15.2). Further studies are needed to clarify the roles of intestinal

FXR signaling for improving metabolic diseases.

Glucose metabolism 
improvement

Tβ-MCA ↑

Ceramide ↓

SREBP1c ↓

FXR

Triglycerides↓

FXR

Activate

Liver

Intestin

FGF15/19↑

NAFLD
Improvement

Inflammatory cytokine↓

intestinal tract barrier ↑

β oxidation↑

BABR

glycolysis ↑

GLP-1 secretion ↑

FXR agonist

Insulin resistance↓

Serum BAs  composition
changing

Deactivate

TGR5 Other tissue

Change of intestinal
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a b

Fig. 15.2 Conflicting mechanisms of metabolic regulation via intestinal FXR activity. (a)

Inhibiting FXR activation decreases hepatic TG levels and improves glucose metabolism. (b)

Intestinal FXR activation of FXR agonist leads to FGF15/19 production and improves NAFLD.

Synthesized FGF15/19 changes BA metabolism and serum BA composition, which causes TGR5/

M-BAR activation, reduced inflammatory cytokine release, and improved insulin resistance.

BABR bile acid-binding resin, FGF15/19 fibroblast growth factor 15/19, FXR farnesoid X recep-

tor, NAFLD nonalcoholic fatty liver disease, SREBP1c sterol regulatory element-binding protein

1c, Tβ-MCA tauro-β-muricholic acid
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15.3 TGR5/M-BAR Signaling and Metabolic Syndrome

15.3.1 Glucose Metabolic Regulation of TGR5/M-BAR

BA administration improved metabolism including glucose tolerance and insulin

resistance. The beneficial effects of BAs, such as decreasing gluconeogenesis and

increasing glycogen synthesis, seem to occur not only via FXR signaling but also

via other signaling molecules such as TGR5/M-BAR. TGR5/M-BAR signaling

induces GLP-1 secretion in murine enteroendocrine STC-1 cells [53]. Moreover,

a semisynthetic TGR5/M-BAR agonist 6-ethyl-23(S)-methylcholic acid (6EMCA

or INT-777 [54]) stimulates GLP-1 secretion in both murine and human

enteroendocrine cells. In this study, knockdown of TGR5/M-BAR by shRNA

reduced 6EMCA-induced secretion of GLP-1 in STC-1 cells [12]. A natural

TGR5/M-BAR agonist oleanolic acid also improves glucose metabolism

[55]. This evidence indicates the importance of TGR5/M-BAR in GLP-1 secretion.

An in vivo study with TGR5/M-BAR knockout and TGR5/M-BAR transgenic mice

strongly supports the relationship between TGR5/M-BAR and GLP-1 secretion

[56]. Considering the current mechanism, TGR5/M-BAR activation increases

cAMP levels and the ATP/ADP ratio, which leads to subsequent plasma membrane

depolarization and Ca2þ mobilization, resulting in increased GLP-1 release

(Fig.15.3) [12]. Hence, these studies suggested that GLP-1 secretion was stimulated

by TGR5/M-BAR signaling in vivo and vitro. BAs and TGR5/M-BAR could

become therapeutic targets of diabetes.

15.3.2 Energy Metabolic Regulation in TGR5/M-BAR

BAs have been reported to stimulate adaptive thermogenesis and energy expendi-

ture via TGR5/M-BAR [11]. TGR5/M-BAR activation leads to increased intracel-

lular cAMP levels, activation of PKA, and induction of CREB phosphorylation.

This series of signaling activity induces the expression of genes bearing a cAMP-

responsive element (CRE) and exists in various tissues (Fig.15.3) [57, 58].

In the BAT, TGR5/M-BAR stimulation increases the intracellular cAMP level

and induces cAMP-dependent iodothyronine deiodinase type 2 (Dio2) expression,
which converts inactive thyroxine (T4) to active 3,5,30-triiodothyronine (T3) to

evoke increased energy expenditure [11, 59]. Dio2 increases the nuclear T3 level

without various unwanted side effects caused by increased blood T3 levels. Only

20 % of nuclear T3 is produced and secreted from the human thyroid gland, and the

remaining nuclear T3 is supplemented from other tissues. Dio2 supplies approxi-

mately 50 % of the T3 in the nucleus including the BAT [60]. The BAT is one of the

most important targets of BAs to increase energy expenditure. Although BAT had

been regarded as a tissue only in newborn infants, recent studies with FDG-PET

revealed the existence of BAT around the neck and shoulders in adult humans,
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especially under brief cold exposure [61–63]. Furthermore, several groups have

shown the importance of BAT in adult humans. In healthy patients, the amount of

BAT is large and its activity is high but is reduced in obese patients [64–66]. In

addition, TGR5/M-BAR and Dio2 are co-expressed in human skeletal muscle,

suggesting the existence of the thermogenic mechanism in humans [11]. A

human genetic study revealed the association between a single nucleotide poly-

morphism (SNP), rs3731859, of the TGR5/M-BAR gene and various metabolic

indexes including BMI, waist circumference, intramyocellular lipid, and fasting

serum GLP-1 levels [67]. Moreover, a recent study found another type of adipocyte

called “beige” cells derived from the white adipose tissue. These adipocytes also

respond to cyclic AMP stimulation with high uncoupling protein (UCP) 1 expres-

sion and respiration rates similar to BAT cells [68, 69]. These accumulating

findings suggest a therapeutic approach to improve obesity and metabolic syndrome

by increasing energy expenditure through TGR5/M-BAR stimulation.
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Fig. 15.3 TGR5/M-BAR-dependent metabolic regulation. TGR5/M-BAR activation leads to

increased intracellular cAMP levels, the activation of PKA, and induction of CREB phosphory-

lation. This series of signaling activity induces the expression of genes bearing CRE and exists in

various tissues. TGR5/M-BAR signaling induces energy expenditure in the muscle and BAT,

increases GLP-1 secretion in the intestinal L cell, and reduces inflammatory cytokine release in

immune cells. CRE cAMP response element, CREB-p cAMP response element-binding protein

phosphorylation, Dio2 deiodinase iodothyronine type II, eNO endothelial NO, T3 triiodothyronine
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15.3.3 Anti-atherosclerotic Effect of TGR5/M-BAR

BAs are also associated with atherosclerosis [70, 71]. Treatment with TGR5/M-

BAR agonist INT-777 represses the activation of inflammatory cytokines such as

NF-κB and inhibits foam cell formation and subsequent atherosclerotic plaques

(Fig. 15.3). In addition, INT-777 does not inhibit atherosclerosis in TGR5/M-BAR
knockout mice, supporting that the TGR5/M-BAR activation reduces atheroscle-

rosis [70]. Furthermore, TGR5/M-BAR induces the mRNA expression of endothe-

lial NO synthase (eNOS) and activates eNOS by phosphorylation of eNOS at amino

acid position 1177 [72]. Recent study have also shown that treatment of TGR5/M-

BAR agonist of taurolithocholic acid increases Akt phosphorylation and intracel-

lular Ca2+, which induces NO production and inhibits monocyte adhesion in

vascular endothelial cells. This signaling may be associated with anti-

atherosclerotic effect of TGR5/M-BAR [73].

15.4 Bile Acids in Clinical Application

15.4.1 Bariatric Surgery

Bariatric surgery may provide another clue to clarify the link between BAs and

glucose homeostasis. Bariatric surgery, especially gastric bypass surgery, is an

established treatment for obesity and type 2 diabetes mellitus, although the mech-

anism of its effectiveness is still unclear. Interestingly, the improved glycemic

control is observed soon after the operation when the body weight is still

unchanged. Therefore, some of the antimetabolic syndrome effects of the surgical

intervention are independent of body weight reduction. A recent study suggests that

BAs may participate in the immediate effect of bariatric surgery. After gastric

bypass, the bile flow is altered, which leads to increased plasma BA levels and

incretin secretion [8]. Hormonal factors and the gut microbiota may be involved in

the effect of the operation. The gut microbiota is responsible for enteral BA

metabolism, and the spectrum of the gut microbiota is affected after gastrointestinal

surgery. For example, the predominance of Firmicutes was reportedly mitigated,

and other species including methanogens and Prevotellaceae were also suppressed

after bariatric surgery [9]. In addition to these studies, recent research has revealed

that FXR is associated with the effect of bariatric surgery [10]. In FXR knockout

mice, metabolic improvements such as weight loss and improved glucose tolerance

were reduced after bariatric surgery. Furthermore, the surgery changed the gut

microbial communities differently between wild-type and FXR knockout mice.

This study suggested that BAs may affect glucose homeostasis via FXR signaling

and alterations of the gut microbiota after bariatric surgery.

15 Bile Acids and Metabolic Syndrome 201



15.4.2 Bile Acid-Binding Resins

Bile acid-binding resin (BABR) is an effective drug for the treatment of hypercho-

lesterolemia by lowering LDL cholesterol. BABR absorbs BAs in the intestine,

thereby preventing their uptake in the ileum, interrupting their enterohepatic circu-

lation, and facilitating their excretion in the feces. The inhibition of enterohepatic

circulation leads to a reduction of the BA pool size, repression of FXR-SHP and

FGF15/19 signaling, and induction of CYP7A1 expression and synthesis of BAs

from the cholesterol to maintain the BA pool size. A decrease in intrahepatic

cholesterol levels activates SREBP-2, which induces the expression of the LDL

receptor (LDLR) to enhance cholesterol uptake, reducing serum cholesterol levels.

In addition to lowering the serum cholesterol effect, there is interaction between

BABR and glucose metabolism [74]. In a diet-induced obesity rat model, BABR

decreased serum glucose and improved glucose tolerance [75, 76]. In a clinical trial,

a first-generation member of BABR cholestyramine improved glycemia by 13 % in

patients with type 2 diabetes [77]. In addition, a second-generation BABR

colesevelam also improved glucose clearance and increased serum GIP and

GLP-1 levels in patients with type 2 diabetes mellitus [78]. These studies clarified

that BABR is not absorbed in the body and there are few unwanted side effects.

Furthermore, BABR can decrease blood glucose levels only in high-glucose situ-

ations and do not affect normal condition. As a result, in January 2008, the Food and

Drug Administration (FDA) in the United States approved this drug as a therapeutic

drug for diabetes [77, 79–82].

Although how BABR improves diabetes remains unknown, several possible

mechanisms have been proposed. BABR-mediated improvement of hepatic insulin

sensitivity depends on downregulating the hepatic cholesterol-LXR-IRS2 pathway

[83]. In addition, BABRs induce GLP-1 secretion via the activation of TGR5/M-

BAR or GPR40, each being activated by BAs binding with BABR or unabsorbed

long-chain fatty acids [53, 84, 85]. Further, BABRs affect the composition of the

BA pool and peripheral BAs, resulting in an induction of peripheral energy expen-

diture and improvement of glucose tolerance [74]. The BABR effects of improving

diabetes may be explained by the inhibition of intestinal FXR as well as TGR5/M-

BAR signaling [22]. BABR inhibits intestinal FXR activation and improves glucose

metabolism by increasing proglucagon gene expression and inducing GLP-1 secre-

tion in ob/obmice [22]. These findings suggest that inhibiting FXR in the L cell via

BABR could be a new target for diabetes.

15.4.3 Drug Targeting for Bile Acids Receptor

Currently, BABR has been approved by the FDA and has been clinically used as a

diabetes treatment drug. The association between bariatric surgery and BAs homeo-

stasis was confirmed. In addition to BABR and bariatric surgery, other clinical
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applications based on the mechanism of metabolic control via BAs signaling are

ongoing. For instance, INT-747 (also named 6-ethyl-CDCA), which is a synthetic

FXR agonist, exerts a hepatoprotective effect in patients of primary biliary cirrhosis

(PBC) [86–88], and a phase III clinical study has already been completed and

confirmed the effect of PBC. In addition to medicine, INT-747 has also entered into

a study for NAFLD treatment. A phase II clinical trial for NAFLD has been

completed, and an improvement was observed in type 2 diabetes mellitus patients

with NAFLD. Clinical trials with TGR5 agonists, such as INT-777, are ongoing,

and future studies are expected [12, 54, 89]. Altogether, these clinical applications

will elucidate the BA signaling mechanisms that will lead to the improvement of

metabolic disorders including obesity and diabetes.

15.5 Conclusion

Today, BAs have become important molecules to control metabolic homeostasis.

We mainly discussed the relationship between BA metabolism and signal trans-

mission, such as the FXR and TGR5/M-BAR pathways and the possibility that BAs

may improve metabolic diseases. Current evidence shows that BAs regulate lipid,

glucose, and energy metabolism via FXR or TGR/M-BAR-mediated pathways.

Furthermore, the clinical application of FXR and TGR/M-BAR agonists is ongoing.

Recent studies have focused on intestinal FXR signaling; however, conflicting

data have been reported regarding the metabolic regulation of intestinal FXR

activity. Further studies are necessary to determine intestinal FXR signaling taking

into consideration various factors such as microbiota regulation, BA pool size, and

BAs composition.
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