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Abstract
Bile acids are important regulators of multiple homeostatic mechanisms

integrating cell proliferation, metabolism and inflammation. The overall

objective of this thesis was to use chemical biology tools to understand

problems in bile acid research including metabolism and mechanism of

cytotoxicity and FXR activation with the purpose of informing development of

new therapeutic agents.

Chapters 1 and 2 review the general background of bile acids, including their

classification, functions and biosynthesis in the liver and intestine. Chapter 2

goes on to describe investigations into synthesis of so-called isobile acids by

epimerization of the 3α-hydroxyl group. We carried out biological evaluations

on their cytotoxicity in vivo and found that isobile acids cause less cell death

than their alpha isomer counterparts in general. Their effect on FXR activation

in both reporter assay and coactivator assay was assessed.

In Chapter 3 is described a novel and highly efficient process towards the

synthesis of muribile acids (MCAs), a group of bile acids found in mice, that

are of interest because of the position of the mouse in the study of bile acid

function and metabolism and because selected bile acids may have

therapeutic potential. We examined the ability of muribile acids to prevent cell

death and identified ω-muricholic acid (ωMCA) with potential cytoprotective

properties. The impact of ωMCA on DCA and tunicamycin-induced ER stress

gene expression was assessed and the favourable cytoprotective and ER

stress-reducing properties of ωMCA were identified.
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In Chapter 4 is described the synthesis and characterization of a panel of

3-sulfonamide-24-amides derived from UDCA based on SAR around potent

cytotoxicity exhibited by 3-azido-24-amides and 3α-ethansulfonamide UDCA

29 (a cytotoxic compound causing entire cell death in the Caco-2 cell line) from

previous studies from our lab. Toxicity was characterized in liver and colonic

epithelial cells, showing some differences in sensitivity. 24-Amidation, which

had been successful in generating highly toxic 3-azido analogues did not

enhance further the toxicity of the 3α-sulfonamide series. It was shown that in

the toxic sulfonamide series, 24-carboxylate was not necessary for activity

since it could be replaced with primary alcohol or primary amide without loss in

activity. Further studies on toxicity effects of 3α-trifluoromethyl derivatives were

also carried out.

In Chapter 5 is described a strategy for the design of bile acid carrier-based

cytotoxic drugs by enhancing uptake of a cytotoxic payload. Bile acid

analogues of chlorbambucil were designed and analysed in relation to their

effect on cell viability and on their uptake and breakdown under cell

proliferation assay conditions. It was shown that conjugation to bile acids can

enhance uptake and increase cytotoxicity.

A summary of the major findings drawn from the experimental data are

articulated here. Firstly, isobile acids have less cytotoxicity activity compared

with their 3α counterparts and this can be applied in the cancer treatment by

altering the bile acid pool. Besides, muribile acids, especially ω-MCA is found

to prevent cell death caused by toxic bile acids.
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Preamble

This PhD thesis is in the field of medicinal chemistry, and it relates to synthetic

studies on the bile acid 3α-sulfonamide UDCA and its analogues, isobile acids

and muribile acids and the further biological evaluation on their cytotoxicty

towards Huh-7 and Caco-2 cell line. The agonist or antagonist effects on a

specific bile acid nuclear receptor called FXR also forms a significant element

of this study. The outcome of the research may contribute to future treatments

of relevance to medical conditions including obesity, diabetes, liver injury,

inflammation, cardiovascular diseases, liver and colorectal cancer.
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Chapter 1. Introduction and thesis overview
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1.1 Bile acid overview

The first description of bile acids was made in 1848 when cholic acid (CA) was

discovered in ox gall [1]. Subsequent research stretching back to the early

1900s has resulted in identification of many other bile acids.

The bile acid family include a group of molecular species of steroids with

specific physical, chemical and biological characteristics. They are the final

product of cholesterol catabolism in animals and are biosynthesized in the

pericentral hepatocytes of the liver. Cholesterol is the precursor of steroid

hormones and is essential for building and maintaining cellular membranes.

Around 500 mg of cholesterol is converted into bile acids daily in the adult

human liver. Bile acids, together with cholesterol and phospholipids comprise

the main components of bile. Bile acids metabolized in the liver pass into the

small intestine, where the majority is reabsorbed at the terminal ileum by

passive diffusion or active transport, and returned to the liver via the hepatic

portal vein. The liver extracts bile acids and reconjugates before distributing

back into the bile, ready for a new circulation. This process happens 4–12

times daily especially during a typical high-fat meal and this continuous cycle of

secretion, absorption, and secretion is termed the enterohepatic circulation.

This highly efficient circulation occurs through the liver, intestine, biliary tree

and the portal blood and recycles approximately 95% of the bile acids in the

pool [2][3], conserving original bile acids and thus avoiding the synthesis of new

bile acids. The 5% that is lost in the feces are compensated by de novo

synthesis in the liver from cholesterol [2]. Besides, enterohepatic circulation of

bile acids provides a negative feedback mechanism to maintain bile acid

homeostasis. Bile acid biosynthesis is strictly regulated to ensure that

adequate amounts of cholesterol are catabolized to maintain homeostasis.

Absorption of bile acids from the intestine contributes to the accumulation of a

significant mass of bile acid, termed the bile acid pool, which is about 2–3 g in

adults. Bile acids are the major solutes in bile, constituting around 80% of the
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organic compound. These endogenous metabolites have various roles and

functions. Traditionally, they have been viewed as solubilizing agents (also

termed biological soap) in the intestinal lumen, facilitating the absorption of fats

and dietary lipids by emulsifying them in the gut after a meal. This can prevent

the formation of gallstones [4]. Besides, bile acids are powerful detergents in the

intestines and help the digestion and absorption of fatty acids, fat-soluble

vitamins and other fatty products [5]. In addition to these, bile acids can change

the mobility of the membrane and alter protein activity. Excess bile acids can

lead to cytolysis and necrosis through the emulsification of cellular membranes

particularly in digestive epithelia.

Biosynthesis of bile acid from cholesterol is a quite complex and multi-enzyme

process. A full complement requires the involvement of approximately 17

different enzymes, many of which are preferentially expressed in the liver. This

activity is tightly regulated by nuclear hormone receptors and other

transcription factors. The insoluble and uncharged cholesterol molecule can be

converted into an ionized and water-soluble compound (see Figure 1.1). This

process mainly involves initiation (C7-hydroxylation of sterol precursors),

modification of the cholesterol ring structures, oxidation and side chain

shortening to generate a carboxylic acid group. Before excretion from the

hepatocyte, bile acids are able to conjugate via amide linkage with glycine or

taurine in humans to form glyco-bile acids and tauro-bile acids, respectively.
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Figure 1.1- The classic pathway for the conversion of cholesterol into the
primary bile acids and the subsequent synthesis of secondary bile acids.
The C7-OH group is highlighted with the shaded circle in this diagram and the
cleavage of this group is important for the generation of secondary bile acids.

The 7α-hydroxylase enzyme, CYP7A1, contributes to the process of primary

bile acids synthesis. The 7-OH group of primary bile acids can be removed by

microflora producing the secondary bile acids, like deoxycholic acid (DCA) and

lithocholic acid (LCA). This part will be explained in detail in Chapter 2.

Bile acids can be classified into two different types, primary and secondary.

Primary bile acids are those synthesized directly in the liver (for example CDCA

and cholic acid) whereas secondary bile acids are produced from enzymatic
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action of the bacterial flora in the colon.

Bile acids consist of a group of molecules with similar but not identical chemical

structure, approximately 20 Å long and with an average radius of 3.5 Å. Bile

acids from different species differ mainly in three respects: side chain structure,

the distribution of the number, position and stereochemistry of hydroxyl groups

in the steroid nucleus and stereochemistry of the A/B ring fusion.

Based on their difference in the side chain functional group, bile acids can be

classified into C24, C27 bile acids and C27 bile alcohols. The structures of these

different types of bile acids are depicted in Table 1.1. Among these bile acid

molecules, C24 (with a C5 side chain) and C27 (with a C8 side chain) bile acids

are quite common. In higher vertebrates, C24 bile acids constitute a major part

of bile [6]. C27 bile alcohols are quite rare in nature. C27 bile alcohols are mainly

found in fish species and there are conjugated by esterification of the C27

hydroxyl group with sulfate rather than taurine or glycine. Thus, the following

text will deal for the most part with C24 bile acids.

Table 1.1- Brief classification into different types of bile acids

Bile acids Occurrence Structure

C24 bile acids

In all vertebrate classes eg.

reptiles, birds, bony fish, and

mammals

C27 bile acids

In a number of early evolving

vertebrates, birds and some

amphibians
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C27 bile alcohol

In the early evolving fish and

amphibians eg. Greenland

shark, elephant

1.1.1 Basic structure of bile acids

Bile acids are amphiphilic molecules composed by 24 carbon atoms and a

short and flexible acidic aliphatic side chain. The steroidal core of bile acids

consists of three six-membered rings (A, B and C) and one five-membered ring

(D) [7] usually with a cis-fused configuration between the A and B ring (5β-H).

Due to the function of the steroid 5β-reductase (aldo-keto reductase), most of

the bile acids are 5β-reduced. In lower vertebrates, some of bile acids exhibit

an A/B trans-fusion.

Figure 1.2- The basic structure of bile acids. The hydroxyl group at C-7’ can
be removed by anaerobic bacteria in the colon. The C-24’ position is the
conjugation position, and it can be conjugated with glycine or taurine.

The activities of each bile acid are different based on the position, number and

stereochemistry of the hydroxyl groups, as well as the conjugation of amino

acids, such as taurine or glycine [8]. Six common bile acids have been found in

the bile of different mammalian species (see Table 1.2). These natural bile

acids exhibit different biological activities in vivo and in vitro and this is highly

dependent on the nature of their chemical structures. In addition to

hyodeoxycholic acid (HDCA), all these bile acids have been widely investigated
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in this thesis. Among these bile acids, CDCA and CA are the most abundant

bile acids in human bile and the main organic bile acids produced in the liver [8].

Table 1.2- Overview of six common bile acids in nature.

Bile acids may also be classified according to their physicochemical properties

Bile acids Position of

hydroxyl

groups

Structure Species

Cholic acid

(CA) 3α, 7α,

12α

bear, cat, mouse,

pig, rabbit, human

Deoxycholic acid

(DCA)

3α, 12α cat, rabbit, human

Chenodeoxycholic

acid (CDCA)

3α, 7α bear, pig, human

Ursodeoxycholic

acid(UDCA)

3α, 7β bear

Hyodeoxycholic

acid (HDCA)

3α, 6α rat, pig, human

Lithocholic acid

(LCA)

3α

first isolated from

a gallstone taken

from a calf



9

as hydrophobic including LCA, DCA, and CDCA and hydrophilic including CA

and UDCA. Moreover, because of their beneficial as well as toxic effects, they

can be divided into three board groups: beneficial bile acids (UDCA and CA),

beneficial and toxic bile acids (CDCA and DCA), and toxic bile acids (LCA). It is

worth noting that the beneficial effects are observed with bile acids which are

more hydrophilic, while the toxic effects are seen with bile acids that are more

hydrophobic.

1.1.2 The structure-activity relationship of the bile acids

The biological activity of a bile acid is closely associated with its chemical

properties such as the number and orientation of hydroxyl groups or its

conjugation as these parameters affect its hydrophobicity, an important

predictor of toxicity.

First of all, the hydrophilic index of bile acids is not only proportional to the

number of hydroxyl groups but also influenced by their position on both sides of

the steroid ring. Most of the biliary bile acids and bile alcohols are amphipathic

with a polar face and a non-polar face. For the C24 conjugated bile acids, they

all have a hydrophobic side and a hydrophilic side with the exception of the

naturally occurring UDCA (3α, 7β). Bile acids with hydroxyl groups positioned

on both sides of the steroid ring (α and β orientation) are less hydrophobic than

their counterparts with the same number of hydroxyl groups in only α

orientation. An important example is the lower hydrophobicity of UDCA

compared with CDCA (3α, 7α). Less hydrophobicity is usually associated with

less toxicity, and for example UDCA promotes hepatic bile acid efflux and bile

flow and is anti-apoptotic. An increased level of hydrophilic bile acids also

influences micelle formation and intestinal lipid absorption. Bile acids become

small aggregates or micelles when their concentrations are above critical

micellar concentration (CMC). This is of central importance for their

physiological function.
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Hepatic conjugation also exerts an important influence on the biological

properties of bile acids since it decreases the pKa. Unconjugated bile acids

have a pKa of 5, whereas the conjugation with amino acids further lowers pKa to

approximately 4 for glycine conjugates and less than 2 for the taurine

conjugates. Conjugated bile acids therefore are slightly stronger acids with

lower pKa values and conjugation contributes to increased hydrophilicity,

enhanced solubility and decreased cytotoxicity. Bile is the principal route for

bile acid excretion. Solubility of the bile acids in intestinal tract improves when

amidation with glycine or taurine and this conjugation process greatly improves

their physicochemical properties so that they pass through the cellular

membrane without the help of a transporter.

All bile acids, no matter conjugated or not, that cannot be absorbed in human

body are eventually eliminated from the body. The degradation of bile acids

results from gut bacteria as bile acids are major carbon source for them.

1.1.3 Physiological functions of bile acids

Bile acids are the main component of bile, the exocrine secretion of the liver.

Bile is formed in the canalicular space between hepatocytes. It provides a route

for excretion of many endogenous solutes and also assists in digestion of fat by

introducing bile acids to the duodenum. Whereas we now perceive bile acid as

endogenous metabolites with various functions, they were initially considered

mainly as digestive molecules which help in the emulsion and absorption of fats

and liposoluble vitamins [9]. Recent studies have suggested the involvement of

bile acids in various functions.

One of the principal effects of bile acid production is the elimination of

cholesterol. Cholesterol can be converted into bile acid enabling clearance to

the intestinal lumen from hepatocyte, finally leading to elimination via the fecal

route. Bile acid digestion function relates to solubilizing dietary lipids and their

digestion products including phospholipids, and fatty acids coming from the



11

enzymatic breakdown of triglycerides in the small intestinal. Bile acids are

actively transported into the biliary canaliculi between hepatocytes which then

stimulates canalicular bile flow by generating an osmotic pressure. They

promote the transfer of phospholipids from the canalicular membrane into bile

and induce biliary phospholipid secretion resulting in the formation of bile

acid-phospholipid micelles (see Figure 1.3). The presence of phospholipid

diminishes the overall cytotoxicity of bile, therefore preventing injury to the

biliary epithelium, at least in those species whose bile acids are hydrophobic.

The existence of bile acids in the small intestine promotes the solubilization of

insoluble fatty acids, like vitamins A, D, E, K, which is required for their

absorption. Bile acids also promote intestinal calcium absorption [10] and

regulate pancreatic enzyme secretion [11]. Furthermore, they have an

antimicrobial effect in the small intestine, inhibiting bacterial overgrowth in the

bowel caused by biliary diversion or bile duct ligation in animals [12].

Figure 1.3- Bile acid transportation at the canalicular membrane [27].
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At the same time, the negative feedback regulation of bile acid level and

cholesterol biosynthesis is very important which is in accordance with the

reported activation of Farnesoid X receptor (FXR) in liver and intestine and this

will be described in Chapter 2. Bile acids in the hepatocyte play a signaling role
[13]. Bile acid synthesis is regulated through a number of feedback loops

regulated by FXR, increasing when levels are low and decreasing when levels

are high.

Bile acids have been reported to control obesity and prevent the development

of insulin resistance by affecting glucose homeostasis. Many studies of

physiological functions in the brain have been reported as well [14A]. UDCA and

TUDCA (the taurine conjugate of UDCA) prevent the accumulation of amyloid β

peptides in Alzheimer’s disease [14B] and protect against mitochondrial damage

in Parkinson’s disease [14C], which relates to GR activation.

1.1.4 Bile acid toxicity

Until the late 1980s the role of bile acid in causing liver injury in human was

only suspected based on the toxicity of whole bile and bile salts. As has been

mentioned above, bile acids are facially amphipathic because they have both

hydrophilic side (represented by the hydroxyl groups, the amide carbonyl, and

the ionized acidic groups of either glycine or taurine) and hydrophobic side

(represented by the steroid backbone of the molecule). Bile acids can interfere

with fatty acid uptake and are potentially hepatotoxic, which in many cases is

the main cause of bile acid induced damage when accumulating in the liver and

other organs [15]. Persistent increases of hydrophobic bile acids enables the

detachment of the phospholipids and proteins of the cell membranes in

abnormal high concentration so that the cell membrane can be damaged,

ultimately causing cell death. Hence high amount of hydrophobic bile acids in
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humans can promote liver injury and finally lead to liver failure [16] and is

pertinent in cancer development. Bile acids can induce cell death in a wide

range of mammalian cell types and can cause apoptosis in the liver and

intestine.

Bile acid cytotoxicity is strongly influenced by structure. The intrinsic toxicity is

firmly linked to the hydrophobicity of the bile acids. The hydrophobicity of the

bile acids is inversely related to the number of hydroxyl groups. Hence, intrinsic

toxicity of the bile acids increases with reduction in the number of hydroxyl

groups. For example, LCA with only one OH group is the most toxic, whereas

other highly hydrophobic compounds, DCA and CDCA with two hydroxyl

groups and CA with three hydroxyl groups, show decreasing hydrophobicity

and toxicity. UDCA, although a dihydroxy bile acid, is considered non-toxic by

comparison.

Unconjugated bile acids are relatively cytotoxic to cells in vivo as they are

membrane permeable, and they can readily accumulate to pathological levels

within cell and in cell membranes. The concentration at which bile acids causes

cytotoxicity is close to their CMC values. CDCA and DCA have a lower CMC

than other bile acids so they are more cytotoxic under a certain concentration

and exhibit great extracellular toxicity.

Bile acid exposure can increase the level of superoxide within cells. In addition,

they can inhibit the synthesis of ATP and increase the permeability of calcium

ions. Excessive calcium ions can activate the proteolytic enzymes and enable

the degradation of RNA, DNA and proteins.

Chronic exposure to hydrophobic bile acids promotes local inflammation,

metabolic disorders and ultimately, tumor development. Primary prevention

strategies, such as changing dietary habits and lifestyle and reducing exposure

to environmental toxins, can modulate gut microbiota and reduce risk of

diseases. These observations give new impetus to therapeutic efforts to reduce
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elevated hydrophobic bile acid level and decrease overall toxicity by using

beneficial bile acids to manipulate the bile acid pool. The hydrophilic bile acid,

UDCA, is a good candidate on which to base efforts in this area.

1.2 UDCA

UDCA is an approved drug (e.g. Ursofalk®) that constitutes approximately 3%

of the total bile acid pool in humans [17]. As its name suggests, it is naturally

obtained from the dry gallbladder bile of the Chinese bears [18], like Ursus

thibetanus and it is the major component of bile acid pool in bear bile. It has

proved to be quite efficient in treating many liver and digestive diseases in

Chinese Traditional Medicine for hundreds of years from the time of the Tang

Dynasty (618-907 AD) [19]. Indeed, the Chinese drug ‘yutan’, a powder

preparation taken from the bile of adult bears, can be used to alleviate

hepatobiliary disorders.

Orally administrated UDCA is taken up from the portal blood in humans during

the first passage, and then conjugates glycine and to a lesser extent, taurine.

Conjugated UDCA is absorbed mainly in the distal ileum, where it completes

with endogeneous bile acids for active transportation and undergoes extensive

enterohepatic circulation. Unabsorbed conjugated UDCA enters into colon and

is then deconjugated and converted into LCA by intestinal microbiota.

UDCA is a natural bile acid with no measurable toxicity at physiological levels

or side effects and it can be delivered orally to patients. It has distinct

therapeutic properties, in contrast to the relative toxicity of other more

hydrophobic acids and it is now well documented to be both cytoprotective and

anti-inflammatory. The first paper on the therapeutic effect of UDCA in patients

with liver disorders was published in Japan in 1961 [20]. UDCA is now widely

used in clinics, with a potential role in cholesterol regulation and as a

therapeutic drug for the treatment of cholestatic liver diseases. It can

significantly reduce cholesterol saturation in the bile [21] and increase bile flow.
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More importantly, in the 1970s, UDCA emerged as a treatment for patients

suffering from primary biliary cholangitis (PBC) [22]. UDCA is also used to treat

primary sclerosing cholangitis (PSC), another cholestatic disease in which it

shows only marginal efficacy. It is used because there are no other therapeutic

options available. Furthermore, UDCA has a potential role as a neuroprotectant

in Huntington’s disease and TUDCA exhibits neuro-protective effects in vitro

that may be relevant to Alzheimer’s disease and amyotrophic lateral sclerosis

(ALS, also known as Motor Neuron Disease). UDCA is approved for treatment

of ALS by the South Korean FDA.

Despite these beneficial properties and related applications, UDCA has

potential toxicity, which relates to its interference with drug detoxification. For

example it is metabolized to LCA, which can cause cholestatic liver injury, liver

cell failure and death [23, 24]. Indeed, UDCA has been reported to influence

normal liver cell functions due to its toxicity profile. [25] The usage of UDCA is

controlled as it can lead at high dose to a range of side effects like immune

suppression, fever, hepatitis, pruritus, severe diarrhoea, and interstitial lung

disease [26A, 26B].

1.2.1 Chemical features of UDCA

UDCA (3α, 7β-dihydroxy-5β-cholan-24-oic acid) is a physiologically hydrophilic

dihydroxy bile acid similar in overall shape to other mammalian bile acids. The

pKa of UDCA is 5.1 [28]. In humans, UDCA is a secondary bile acid formed by

bacterial 7β-epimerization of primary bile acid CDCA in the gut by intestinal

bacteria. The main difference between these is that UDCA has a unique C-7β

hydrogen orientation that confers on it a much higher hydrophilicity than CDCA.

From the structural formulae shown in Figure 1.4, it is understood that UDCA is

A/B cis and B/C trans.
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Figure 1.4- Structure of UDCA and CDCA. They both have a four-ring
structure but the main difference between them is the different orientation of the
hydroxyl group at C-7’ position, which explains the difference of the
hydrophobicity and membrane-damaging properties of these two bile acids.
The 7β orientation UDCA shows higher hydrophilicity than the 7α-orientation
CDCA and this is why UDCA is much weaker than CDCA in interacting with and
disturbing lipid membranes.

1.2.2 Mechanisms of action of UDCA

UDCA is used to effectively dissolve gallstones by solubilizing cholesterol in

bile. Besides this, UDCA’s actions in cholestatic liver diseases are attributed to

its ability to protect liver cells from the kinds of toxic insults that could be

relevant to other important disease states. This is a very important and unusual

property; very few substances are able to similarly affect liver cell viability and

tissue protection in a clinically acceptable way. The biochemical and molecular

mechanism underlying UDCA and its effects on cellular survival has only been

demonstrated over the last decades.

UDCA exerts beneficial effects in treating liver disorders through a diverse,

complementary array of effects. These are summarised below.

(a) UDCA protects cholangiocyte and hepatocyte against cytotoxicity

of other toxic endogenous bile acids

The liver absorbs and transports bile acids from two main types of epithelial

cells, the cholangiocyte and hepatocyte. Bile acid synthesis and transportation

in the intestinal lumen determine bile formation and they are used for

degradation of cholesterol. However many bile acids are toxic, especially the

hydrophobic bile acids, CDCA and DCA. They bind to proteins that exist
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between the double lipid layers of epithelial cells of hepatocyte, which may

influence cellular structures and functions. In cholestasis the excretory pathway

from the hepatocytes becomes blocked, and toxic hydrophobic bile acids

retained in the liver cause liver injury, fibrosis and death [29]. Bile acids are

believed to influence overall cytotoxicity through the emulsification effects on

the cellular membranes. Retention of hydrophobic bile acids in chronic

cholestasis triggers cholangiocyte proliferation [30].

UDCA competes with other hydrophobic bile acids for absorption in the terminal

ileum thereby decreasing the proportion of the more toxic CDCA and DCA. This

effect is sometimes referred to as shifting the bile acid pool to more polar

character. Enrichment of UDCA makes bile more hydrophilic and less

damaging by replacing more toxic endogenous bile acids [31, 32]. In addition, the

incorporation of UDCA into the non-polar domain of the lipid bilayer stabilizes

the membrane structure. UDCA plays an important role in inhibiting

cholangiocyte growth and secretion.

(b) UDCA directly protects of hepatocytes against bile acid-induced

apoptosis

Bile acids induce cellular apoptosis at concentration as low as 25 μM and this is

mainly because they can lead to cell death through independent death receptor

pathways especially Fas receptor (this apoptosis pathway is illustrated in

Chapter 4). Bile acid-induced apoptosis on hepatocytes can be inhibited by

UDCA. UDCA seems to up-regulate canalicular transport, reducing the amount

of bile acids in the hepatocyte. Besides, it has been reported that UDCA can

block apoptosis by interrupting the classic apoptosis pathway involving

inhibition of mitochondrial membrane permeability transition [33]. Apart from

inhibiting cellular apoptosis, UDCA has been shown to activate survival

pathways including the intracellular mitogen-activated protein kinase (MAPK)



18

signaling pathway, a pathway mediating signal transduction from cell surface to

the nucleus, through activating epidermal growth factor receptor (EGFR) [29, 34].

Activated MAPK, in turn, phosphorylates and activates transcription factors

leading to expression of target genes. This UDCA/MAPK/EGFR pathway

reduces bile acid mediated cytotoxicity by preventing mitochondrial dysfunction,

an organelle playing the role of amplifying apoptotic signaling pathways.

Anti-apoptotic effects of UDCA have been found in both rat liver and human

hepatocytes [35, 36].

(c) UDCA stimulates endogenous secretion of bile to alleviate

cholestasis

The accumulation of hydrophobic bile acids and other toxic biliary constituents,

caused by the damage of bile formation in many forms of cholestasis, leads to

cell injury in the liver [37]. An effective method to alleviate cholestasis caused by

toxic bile acids is to promote their secretion from the hepatocyte. UDCA has

been demonstrated to provoke endogenous secretion of bile and alleviate

cholestasis induced by toxic hydrophobic bile acids [38]. UDCA leads to biliary

secretion of bile acids in patients with cholestasis and reduces the level of

endogenous bile acids [39]. The number and activity of carrier proteins on the

cellular membrane determines the secretory capacity of hepatocytes. UDCA

stimulates the expression of transporter proteins, like bile salt export pump

(BSEP) and the efflux transport proteins, like canalicular multidrug resistance

associated protein 2 (Mrp2) [40] for bile acids across the canalicular membrane

of the hepatocyte. This accounts for an increased overall elimination for those

potentially toxic biliary compounds [41, 42]. Besides, UDCA might compete for

intracellular transporters that promote the uptake of retained bile acids into

organelles. A typical example is that UDCA exhibits its protective mechanism

by repressing the expression of ASBT, an important transporter for bile acid

uptake, in liver disorders.
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Moreover, UDCA stimulates biliary secretion of bile acids via a variety of

intracellular signaling pathways like MAPK signaling pathways in mammalian

cells. MAPK pathways are mainly composed by ERK and JNK, which contain

similar kinases. MAPK mediates diverse cellular functions including cellular

apoptosis, proliferation, and differentiation. Activation of MAPK pathways

appears to produce beneficial effects in cholestasis and may mediate the

cholestatic effects of bile acids. Choleretic as well as cholestatic bile acids

activate ERK1/2 while only cholestatic bile acids activate JNK.

To conclude, the ability to replace hydrophobic bile acid and cause a significant

shift in the composition of the bile acid pool towards hydrophilicity accounts for

the beneficial properties of UDCA in treating liver disorders.

1.3 Cholestatic liver diseases and cancer

1.3.1 Cholestatic liver diseases

Cholestasis is a pathological condition where normal bile flow from liver is

impaired, causing intrahepatic accumulation of bile acids. Cholestasis results

from genetic defects in canalicular transporters, mechanical obstruction of the

intrahepatic and extrahepatic bile duct by gallstones, and factors related to

bacterial infection, drugs, genetic disorders and pregnancy. Inherited defects in

bile acid synthesis are also a trigger for certain cholestatic liver diseases in

adults [43]. When the bile is obstructed, bile flow rate decreases and bacteria

present in the bile begin to grow and proliferate [44], causing cholangitis. Some

cases of cholangitis are mild and happen slowly with time. This is called chronic

cholangitis. Some conditions are serious and even life-threatening and these

are called acute cholangitis. The symptoms of serious cholangitis can include

high fever, vomit, nausea and low blood pressure. Primary biliary cirrhosis

(PBC) and Primary sclerosing cholangitis (PSC) are two important types of

chronic cholestatic liver disease that have low prevalence.

PSC is a chronic disease of the bile duct, first described by Hoffman in 1867 [45].
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It is an innate liver disease caused by chronic liver inflammation and

progressive destruction of the bile ducts. An estimated 1 in 10,000 people is

diagnosed with PSC which is more prevalent in men. The underlying cause is

unknown, but genetic susceptibility may play a role. This disease is slowly

progressive and patients may feel well for 10–15 years before they have

obvious symptoms. However it finally results in a high risk of liver failure,

tumors in the liver or bile duct. PSC has a strong association with inflammatory

bowel disease (IBD), type I diabetes and a higher risk of developing colorectal

cancer. The signs of disease progress include itching, obvious weight loss,

yellow discoloration of the skin and eyes and pain in the upper right part of the

abdomen. PSC is diagnosed via blood test and cholangiogram, an X-ray image

of bile duct. Liver transplantation is the only effective cure and there are no

effective medical therapies available [46].

PBC is another chronic disease slowly impairing the intrahepatic bile ducts in

the liver and is considered as an autoimmune disease of the liver. It affects the

bile duct epithelium and leads to the destruction of small bile ducts and liver

tissue by the immune system causing hepatocyte damage and subsequent

fibrosis, scaring and cirrhosis. PBC is not a common disease, affecting up to 1

in 3 to 4 thousand people. The majority of sufferers are middle-age women.

Typical symptoms are fatigue, severe itching and upper abdominal discomfort

but nearly half of the patients have no clinical symptoms at initial presentation.

Diagnosis of PBC is through a combination of serum liver tests and the

presence of anti-mitochondrial antibodies [47].
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Figure 1.5- A comparison of normal bile ducts and damaged bile ducts in
liver. The diagram is from the Primary Biliary Cholangitis section on the
Transplant liver in India website [48]. Inflammation and scar tissue cause
damage to bile duct in liver. Bile and other substances cannot be eliminated
from liver, which are harmful to the liver.

Hydrophobic bile acid induced injury of hepatocyte membranes is the main

trigger for PBC and PSC [49A][49B]. For a healthy individual, around 10% of the

total bile acids that has not been cleared in the liver reaches the systemic

circulation to the kidney and then reabsorbed by epithelial cells in the kidney

and finally returns to the liver. Bile acids are virtually absent in the urine. But for

patients with PBC and PSC, bile acids become easily detectable as urinary

excretion of toxic bile acids occurs to clear those bile acids accumulating in the

liver. High concentration of hydrophobic bile acids is especially cytotoxic and

causes liver inflammation by activating NF-kB-mediated pro-inflammatory

cytokine production and induce many liver disorders, and this is mainly

because these toxic bile acids damage the basolateral membrane and cell

organelle membranes. This is particularly serious in the outside layer of the

canalicular membrane as bile acids are very concentrated in bile.

Early diagnosis is of great importance to those patients mainly because some

of these diseases can be managed if detected in the early stages. There is no
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effective cure for PBC at the time being, but some medical interventions are

available to help slow down disease progression including use of UDCA, OCA

and liver transplant [50].

Maintaining bile acid homeostasis is critical for protection against liver injury.

Bile acid therapy in the treatment of multiple liver disorders involves bile acid

replacement in deficiency states or bile acid displacement by UDCA. It is worth

mentioning that UDCA is reported to exhibit anti-inflammatory effects in various

liver disorders [51, 52] by regulation the expression of tumor necrosis factor

(TNFα) and other inflammatory cytokines [53]. Administration of UDCA

decreases hepatocyte injury caused by retained toxic bile acids. UDCA

improves cholestasis by altering signaling pathways that regulate the

expression of various transporters, for example, it stimulates the expression of

the export pump at the hepatocyte membrane involved in the detoxification

process [54]. Besides, UDCA promotes the biliary excretion of bile acids under

the situation of impaired bile secretion and current research suggest that UDCA

therapy has shown favorable effects in the treatment of PSC [55], particularly

given its excellent safety profile and its low cost compared with other drug

candidates. UDCA has also been approved by the FDA for treating PBC [56],

slowing down progression of liver fibrosis in the early stage [57]. Studies found

that UDCA enhances natural killer activities in patients with PBC [58]. The daily

dose for the treatment of PBC depends on the body weight of patients, with

13.5 mg UDCA recommended per kg of body weight [59]. It has been reported

that treatment of UDCA in patients with PBC for up to six years significantly

prolongs survival rates [60]. While it is the only approved therapy it is ineffective

in a significant minority of patients who progress to liver transplant.

1.3.2 Bile acids and cancer

Cancer is a family of disorders marked by common features such as

uncontrolled or dysregulated cell growth. Cancer is the second most common
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cause of death among all human diseases after cardiovascular disease. It is

estimated that around 19.3 million people are diagnosed with cancer globally

and almost ten million cancer deaths occurred in 2020 [61]. At least 90% of

cancer cases occur due to environmental factors or unhealthy lifestyles.

Common environmental factors include tobacco (25%–30%), obesity [62]

(30%–35%), infection, solar-radiation and environmental pollution. Individuals

with certain inherited genetic factors are more likely to be diagnosed with

specific forms of cancer.

Bile acids were first proposed as carcinogens in the 1940s [63] but the toxicity

and cancerogenic effects of certain bile acids have only been established in

recent decades. Bile acids can act as carcinogens when there is repeated

exposure to high levels. Bile acids have been added into the list of tumor

promoting agents and play a major role in carcinogenesis of some tissues for

example liver, colon and gastrointestinal tract. Pathways potentially linking bile

acids to tumor development mainly involves DNA damage, apoptosis [64],

genetic instability [65]. Abnormally high concentrations of serum bile acids

induce hepatocyte DNA damage and cause cell death and inflammation,

thereby accelerating cancer development [66]. Increased incidence of cancer in

the liver, colon, stomach, small intestine, pancreas, breast and gastrointestinal

relate closely to high concentration of hydrophobic bile acids and the

association of bile acid with liver cancer has already been proven in both

human and animal studies.

A large amount of secondary bile acids, DCA and LCA, in the colon may

contribute to damage to colonic epithelial cells, induce reactive oxygen species

(ROS) generation and apoptosis at physiologically relevant concentrations and

promote colorectal cancer (CRC, cancer developed from the colon or rectum).

The epidermal growth factor receptor (EGFR) pathway may be important for

bile acid action linked to CRC progression as over activation of this pathway in

tumor cells leads to tumor cell proliferation and survival [67]. Emerging evidence
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shows CDCA may be mutagenic as well [68]. Exposure to high level of CDCA

facilitates the inflammation and development of Hepatocellular carcinoma

(HCC) [69] by significantly increasing the mutation rate of tumor suppressor

genes and oncogenes. The consumption of a high-fat diet contributes to a large

amount of 7α-dehydroxylating bacteria in the intestine and higher fecal

concentration of DCA, which also promotes carcinogenesis. This indicates a

potential link between diet and cancer mediated by a microbiota-derived bile

acid. These hydrophobic acids induce DNA damage and cell aging in

hepatocytes, with initiation of inflammation and tumor-inducing pathways

potentially causing liver cancer [70]. Changes in expression at the mRNA level of

many genes by hydrophobic acids leads to apoptosis and early carcinogenesis
[71].

Therapeutic potential of novel bile acids

Targeting bile acids may be an effective strategy for cancer, especially for CRC

prevention and treatment [72]. The conversion of DCA into another epimer,

isoDCA, may have therapeutic potential in the treatment of CRC which will be

explained in detail in Chapter 2. A series of studies indicate FXR signaling is a

potential target for blocking the bile acid contribution to CRC progression.

Chapter 4 will describe investigations into the potential of certain bile acids as

anti-tumor agents by modulating the same pathways which induce toxicity, i.e.

apoptosis [73, 74]. Patients with CRC and liver cancer, on average, have

experienced high levels of bile acid exposure, while existing evidence shows

that therapy with UDCA protects against the development of chemically

induced CRC in animal studies [75]. UDCA exhibits a chemoprevention effect

against CRC [33, 76] via multiple mechanisms including inhibition of CRC cell

proliferation [34]. Thus, synthesizing UDCA derivatives to evaluate their

apoptotic activity is a very promising method for CRC chemoprevention and

treatment.



25

Chapter 2. Nuclear receptors FXR and isobile acids
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2.1 Introduction

Over the past two decades it has emerged that bile acids regulate aspects of

metabolism including their own formation, the synthesis of lipids and glucose

as well as aspects of inflammation. Many of these effects are mediated by a

receptor that recognizes bile acids in the cells lining the gut and in the liver.

Activation of this nuclear receptor causes hormonal signaling affecting key

aspects of metabolism. The receptor is termed FXR and this area is one of the

most intensely investigated in modern medicine. The FXR receptor however

does not explain the full range of bile acid effects including the most important

clinical effect of a particular bile acid. This chapter is concerned with the

synthesis and biological evaluation of five human bile acids (CDCA, UDCA,

DCA, LCA and CA) and their corresponding 3β-epimers. (The chemical

structures are shown in Figure 2.1).
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Figure 2.1- Five different types of isobile acids. They are 3β epimers of the
normal occurring bile acids.

Isobile acids, the 3β-OH stereoisomers of the normally occurring bile acids,

are commonly found in the feces, urine, serum and blood of human individuals

and other animals, contributing around 15–20% of all bile acids [77], however,

there are no detectable isobile acids in bile because after reabsorption and

transport to the liver these molecules undergo re-epimerization to their

3α-stereoisomers [78]. Isobile acids are the isomerization of 3α-OH presenting

on the C3 of the cholestane nucleus and they are generated during

enterohepatic circulation. The level of isobile acids can exceed 300 µM in the

human gut [79]. So far, the isobile acids are known to be produced by

Ruminococcus gnavus, an abundant commensal, mainly founded in human

intestines. IsoDCA and isoLCA are the most abundant isobile acids. IsoUDCA

has been investigated for the treatment of PBC as an alternative to UDCA.

Isobile acids are presumably less efficient than 3α- bile acids in solubilizing

dietary lipids.

2.1.1 Overview of bile acids synthesis in the human liver

In the past three decades, the pathways of bile acid synthesis have been

defined and the genes encoding the biosynthetic enzymes of these pathways

have been identified. Bile acids are synthesized from cholesterol in the liver,

the only organ that has all 14 enzymes required for de novo synthesis of two

primary bile acids. This occurs through a series of sterol ring hydroxylations,

side chain oxidation steps and final reduction of 3-oxo into the alpha

stereochemical configuration. This process is complex multi-enzyme and

multi-organelle defined as two main metabolic pathways, known as neutral

pathway (classic pathway where biosynthesis begins with hydroxylation at C-7

on the steroid nucleus) and acidic pathway (alternative pathway where

hydroxylation begins at C-27, the terminal methylene group of the side chain).

The neutral pathway accounts for the 90% of the primary bile acids production
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in the human liver [80]. This route is composed by a series of reactions

catalyzed by enzymes localized at the cytosol, peroxisomes and mitochondria.

In the ER of hepatocytes, cholesterol is metabolized into

7α-hydroxycholesterol by cholesterol 7α-hydroxylase (CYP7A1) [81]. CYP7A1,

known as bile acid synthesis cytochrome P450 A1 and expressed only in the

hepatocyte, is the enzyme involved in the catabolism of cholesterol and it

regulates the biosynthesis from cholesterol. CYP7A1 is the first and main

rate-limiting enzyme in the neutral pathway for bile acid synthesis. Afterwards,

the 7α-hydroxycholesterol is converted to 7α-hydroxy-4-cholesten-3-one (C4,

the common precursor for synthesis of CA and CDCA) by a hydroxyl steroid

dehydrogenase and further into CA by branching enzyme sterol

12α-hydroxylase (known as CYP8A1, another highly regulated microsomal

enzyme) and into CDCA (rat, human and hamster) by mitochondrial sterol

27-hydroxylase (CYP27A1). CA and CDCA are the end products of cholesterol

degradation. The level of sterol 12α-hydroxylase in the liver determines the

relative amounts of these two primary bile acids.

Cholesterol 7α-hydroxylase deficient species produce bile acids from the

alternative biosynthetic pathway, called the acidic pathway (named because of

the formation of acidic intermediate metabolites). In the acidic pathway, only

CDCA is generated. This is initiated mainly by mitochondrial sterol

27-hydroxylase (CYP27A1, is found in most tissues and macrophages) and

followed by hydroxylation at C-12’ position (CYP8B1, expressed at high level

in the liver and at lower levels in the kidney and brain). Transport of cholesterol

into mitochondria for 27-hydroxylation by CYP27A1 is the rate-limiting stage

for the alternative pathway [82]. CYP27A1 and CYP8B1 are commonly

expressed in extrahepatic tissues, for example, macrophages, adrenal glands

and other tissues. Mitochondrial CYP27A1 catalyzes sterol side chain

oxidation and subsequent cleavage of a three-carbon unit and this contributes

to the formation of a C24 cholestenoic acid, the backbone of most bile acids.
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Although both CYP27A1 and CYP7B1 are ubiquitously expressed in many

tissues, the conversion to bile acids from steroids must take place in the liver

as only the liver has all the required enzymes to accomplish the bile acid

biosynthesis.

The contribution of the alternative pathway to overall bile acid biosynthesis

depends on the species. In human this pathway is responsible for the

generation of oxidized cholesterol molecules that can be subsequently

converted to CDCA but this pathway only contributes to 10% of CDCA

production in the liver during routine physiological conditions [83], but it is quite

important in the amount of bile acid synthesis in the patients with liver

disorders [84]. The alternative pathway plays a critical role in anti-inflammation

and lipogenesis. The inner mitochondrial membranes are the main reaction

site for this pathway.

The neutral pathway and acidic pathway may not occur at the same rate in all

hepatocytes, but these two bile acid synthesis pathways compensate each

other to produce bile acids and determine the overall bile acid pool size and

bile acids composition. The balance of two bile acid synthesis pathways is

critical to generate a sufficient bile acid pool size and proper bile acid

composition in humans.
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Figure 2.2- Summary of the biosynthesis of primary bile acids from
cholesterol in the human liver [85]. Only key intermediates are shown here in
what is a complex multistep metabolic process in each case.

Several other minor routes have been discovered, which have relevance in

some species. Very recently, a third synthesis pathway was discovered, called

the neuronal pathway, initiated by cholesterol 24-hydroxylase (CYP46A1) in

the brain and 24-hydroxycholesterol 7α-hydroxylase (CYP39A1) in the liver.

The contribution of this pathway to overall bile acid synthesis is minor and the

end product of this minor pathway is CDCA only.

2.1.2 Synthesis of secondary human bile acids

The diversity of the bile acid pool is further expanded by the actions of the gut

microbiota in the intestine (a community comprising 500–1000 distinct

bacterial species) during the enterohepatic circulation, which converts primary

bile acids into secondary bile acids by performing a series of enzymatic

reactions. The relationships between gut microbiota and bile acids have been

recognized for a long time. In human liver, the newly synthesized primary bile

acids undergo amidation i.e., conjugated with amino acids glycine or taurine at

C-24 carboxyl group via bile acid-CoA synthetase (BACS) localized at the ER

and bile acid-CoA amino acid N-acetyltransferase (BAAT) enzyme located in

localized in peroxisomes and cytosol. The majority of bile acids are conjugated

with glycine, the minority with taurine in humans: the ratio of glycine to taurine

conjugation is approximately 3:1 under physiological conditions [86].

Conjugation of bile acids alters their physicochemical properties and their

metabolism by increasing their ionization and solubility at physiological pH

(conjugation decreases the bile acid pKa and convert it to a much stronger acid)
[87], makes them impermeable to cell membrane (negative charge on the side

chain of conjugated bile acids and size of the molecule prevents passive

absorption across the epithelial cells of the biliary tract and small intestine) and

persist in bile and intestine in high concentration. This amino acid conjugation
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decreases overall toxicity of the bile acid pool. The conjugated bile acids, TCA

and TCDCA, are stored in the gallbladder and then secreted into bile ducts

after each meal and transported into the human small intestine, where they are

deconjugated by microbial bile salt hydrolases (BSHs, abundantly expressed

in the human gut and expressed in a broad spectrum of bacteria) activity.

Deconjugation helps improve the bacterial colonization of the gastrointestinal

tract. These enzymes function as a gateway reaction in bile acid metabolism

and they are expressed mainly by Bacteroides, Clostridium, Lactobacillus and

Bifidobacteria. The deconjugated primary bile acids, CA and CDCA, are further

metabolized in the large intestine by the gut bacteria into secondary bile acids

DCA and LCA, respectively, through the activity of 7α-dehydroxylase [85, 88] in

bacteria flora. These bile acids then passively diffuse through the colonic

mucosa. Dehydroxylation at position C-7 is the most important bacterial bile

acid biotransformation in the human colon and it is involved in disease of the

GI tract including colon cancer 89]. In the known bacterial species that have

7-dehydroxylation activity, it is encoded by the bile acid-inducible (bai) gene.

This conversion is confined to free bile acids and removal of glycine or taurine

is a prerequisite for 7α-dehydroxylation [90]. The deconjugation and

7α-dehydroxylation of bile acids increase their overall pKa and hydrophobicity,

enabling them to across the colonic epithelium more easily by passive

absorption. DCA, CDCA and CA are reabsorbed in the intestine and

transported back to liver for detoxification and then recycling. Only 5–10% of

these bile acids are lost in feces (about 0.2–0.6 g per day) and they are

replenished by the bile acids synthesized via de novo synthesis by the liver in

order to maintain a constant bile acid pool under physiological conditions.

Once transported back to the liver, the secondary bile acids can be further

converted to UDCA via the 7β-HSDH, which represents only a marginal bile

acid species and this process involves the participation of multiple enzymes.

These synthesis and metabolic pathways produce more than 18 different bile
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acid compounds, which maintains a multifunctional bile acid pool and ensures

multiple signaling activities in the human body.

Figure 2.4- The formation of secondary bile acids in the human intestine
from primary bile acids [88] via 7-dehydroxylation. Dehydroxylation at C-7’ is
a complex and multienzyme process. The primary bile acids are conjugated to
taurine or glycine molecules. Then they are deconjugated by bacterial BSH
and further metabolised by bacterial 7α-dehydroxylase. Secondary bile acids
are absorbed from the intestine and taken up by the liver, thereby bile contains
both primary and secondary bile acids.

DCA is reabsorbed into the colon and then reconjugated and secreted into

blood (occupying 20–25% of the overall bile acid pool). The pathway for LCA is

slightly different as it is a highly toxic bile acid. It is efficiently amidated and

then undergoes one or more detoxification steps during its transport through

the hepatocyte. A small amount of LCA circulates back to the liver and can

then undergo sulfation at the 3-hydroxy position (sulfation detoxifies the

extremely hydrophobic bile acids in human [91]), N-acylamidated and rapidly
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excreted in the bile again, contributing to the enterohepatic circulation of bile

acids [92], and ultimately secreted into urine. However, the majority of LCA is

excreted into the feces.

Bacterial 7α-dehydroxylase converts CA into DCA and CDCA into LCA by

removal of 7α-OH group on ring B. DCA and CDCA is termed as 7-deoxy bile

acids. These secondary bile acids in human then pass into the portal vein and

reach the liver, where they join newly produced primary bile acids. They are

reconjugated to glycine or taurine in the canaliculi of the liver, and are then

stored in the gallbladder.

Figure 2.5- Chemical transformation of primary bile acids into secondary
bile acids involving the removal of 7α-hydroxyl group [79].

To sum up, the classic bile acid synthesis pathway in human is the

predominant pathway for synthesis of a bile acid pool composed of around

30% each of CA, CDCA and DCA.

2.1.3 Biological synthesis of isobile acids and colonic mechanism of bile

acids

Microbial metabolism not only produces bile acids with 3-OH group in alpha

configuration, but a variety of keto/oxo intermediates and stereoisomers with

C-3 in beta configuration [93]. Isobile acids (3β-OH bile acids) are generated

from the 3α- bile acids in vivo by epimerization of the 3α-hydroxyl group. The

biosynthetic pathway for conversion of primary bile acids and secondary bile
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acids into their 3β isomers involves the consecutive activity of 3α- and

3β-hydroxysteroid dehydrogenases (HSDHs) in the cytoplasm of two bacterial

species, Eggerthella lenta and Clostridium perfringens [94].

HSDHs are NAD(P)(H)-dependent enzymes with stereospecificty for steroid

and bile acid hydroxyl groups and they have been discovered in several

protein families, including short-chain reductase and aldo-keto reductase

superfamily [95]. They mainly catalyze the dehydrogenation of hydroxysteroids

and act as reversible switches regulating the physicochemical properties of

bile acids [79, 96].

Epimerization of bile acid hydroxyl groups carried out by the HSDHs is a

reversible conversion in stereochemistry from the α to the β configuration,

through the generation of a stable keto bile acid intermediate (Figure 2.7). The

mechanism of the biotransformation includes the bacterial oxidation of the

3α-OH into its 3-oxo derivative by 3α-HSDHs (CDD59474) and followed by

reduction of the 3-oxo compounds by the 3β-HSDHs (CDD59473).

Figure 2.7- The biosynthetic pathway in conversion of normal occurring
bile acids into isobile acids [88]. This pathway involves the oxidation of
3α-OH into 3-oxo (intermediates in the epimerization of bile acids at C-3 [97]) by
3α-HSDHs and the reduction of 3-oxo into 3β-OH by 3β-HSDHs. These two
bacterial HSDHs constitute novel enzymes in the isobile acids pathway.

To conclude, there are three main metabolic processes affecting bile acids

during the enterohepatic circulation for most species [98, 99]: reconjugation

followed by deconjugation in the hepatocyte, dehydroxylation at C-7, and

oxidation at C-3 or C-7 followed by reduction to corresponding α or β hydroxy

group. The microbial transformation of bile acids plays an essential role in their

metabolism [100].
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What could be the advantages of using isobile acids over 3α-epimers?

The conversion of normal bile acids into their 3β epimers is likely to have

biological consequences which were partly the subject of this thesis project.

For example, isobile acids may play as a role of detoxicant, which means that

conversion into isobile acids may cause less detergent effect and toxicity

towards the cells. They shift bile acid pool from hydrophobic and toxic to

hydrophilic and health-promoting. The secondary bile acid DCA causes cell

membrane damage at high concentration (5–10 mM). DCA inhibits colonic cell

proliferation and decreases tumor suppressor activation in the cell cycle.

Bacterial conversion to isoDCA is predicted to decrease its detergent

properties by disrupting the hydrophobic/hydrophilic (amphiphatic) facial

nature of the molecule. DCA is known as causative agent in colon cancer [101,

102] through an indirect mechanism involving the induction of oxidative stress

and generation of ROS. Indeed, isoDCA is speculated to oppose or reduce

DCA’s toxicity to colorectal epithelial and bacterial cells. Hence, its detergent

properties are greatly diminished at physiological concentrations and so for

example isoDCA (12mM) has a higher CMC than DCA (5 mM). IsoLCA and

isoCDCA are also present in considerable amount in the colon and their

amount even increases during bile acid therapy [103]. One of the objectives of

our work was to explore the relative toxicity of a panel of bile acids and their

3-epimers.

Secondly, isobile acids may have a positive effect on increasing cell

membrane integrity. DCA, itself the natural bile acid, damages membrane

integrity at the concentration of 200–400 µM causing nonspecific signaling

leading to oxidative DNA damage and apoptosis. The epimeric isoDCA is

expected to lead to less cell membrane damage compared with DCA but this

has not been properly characterized before this work. Other effects on the

microflora can be envisaged to flow from the epimerization of the bile acids.

For example, conversion of DCA into isoDCA benefits the growth of abundant
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genus Bacteroides [104], which is found in the human intestine and helps in

breaking down food and produce nutrients and energy in human body.

Lastly, our collaborators in Graz and Amsterdam are interested in signaling

properties of isobile acids through the bile acid receptors and this interacts with

the normal bile acids. We proposed to develop synthetic methods for the

isobile acids to allow us to supply the collaborator labs with adequate study

quantities and then to work with them on analysis of the results of studies in

vitro and in vivo. This will be described later in this thesis. By understanding

the interactions between isobile acids and the human bile acid receptors it

might be possible to predict their contribution to health and disease.

2.1.4 Bile acid receptors in health and diseases

In the past two decades it has emerged that bile acids play important functions

as versatile signaling molecules involved in the regulation of various cellular

activities in mammalian physiology and that for example they can regulate lipid,

glucose and energy metabolism. Bile acids have been demonstrated to

activate several cell signaling pathways involved in the regulation of bile acid

metabolism, optimizing nutrient absorption and metabolism. One of the most

typical example is that bile acids can bind and activate several nuclear

receptors, Farnesoid-X-Receptor (known as FXR), Vitamin D Receptor (VDR)
[105], Constitutive Androstrane Receptor (CAR), and Pregnane X Receptor

(PXR) [106]. Bile acids also active cell surface receptors including GPCRs such

as G-Protein-Coupled Bile Acid Receptor-1 (Gpbar-1 and Mbar, known

commonly as TGR5). Although bile acids are able to activate many signaling

pathways, two major bile acid regulated receptors, FXR and TGR5, receive the

most attention in the scientific literature [107]. These two signaling pathways are

highly expressed in the gastrointestinal tract and their mechanisms will be

explained in detail in the following content in this chapter. Each bile acid is able

to interact with more than one receptor but with different levels of activity and
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selectivity. This complexity is one of the reasons that the biochemistry of bile

acids continues to receive so much attention. Primary bile acids, CA and

CDCA, are the most potent physiological ligands for FXR while secondary bile

acids, LCA and DCA and their taurine conjugates, are more effective agonists

of TGR5 [108]. The activation of these two receptors contributes to the specific

signaling pathways, which collectively regulates many physiological functions

in lipid and glucose metabolism [109]. FXR and TGR-5 agonists and antagonists

are prospective approaches in treating many common metabolic and hepatic

diseases [110] like PBC and non-alcoholic steatohepatitis (NASH, a chronic liver

disease with inflammation and fibrosis) [111] and the receptors have potential as

diagnostic markers. These bile acid receptors play important roles in lipid,

carbohydrate, liver, bone and renal metabolism [112]. The discovery of the FXR

and TGR5 has opened up new horizons in drug discovery and drug

development.

The FXR- an overview

Nuclear receptors are ligand-activated transcriptional factors in regulating

multiple key physiological activities including homeostasis, metabolism and

cell death. They are also important in every aspect of development, physiology

and diseases in humans. In the 1990s, when receptors had been identified for

many known nuclear hormones, scientists were looking for the type of

molecule involved in regulation of the mevalonate pathway. This is an

important metabolic pathway in higher eukaryotes and involves the synthesis

of cholesterol, bile acids, lipoproteins and steroid hormones [113, 114]. A farnesol

derivative, which is the last precursor in activating the mevalonate pathway,

was shown to activate an orphan receptor that was therefore termed, farnesoid

X receptor (FXR). It was firstly discovered from a rat liver cDNA library in 1995
[115]. FXR, is an intracellular nuclear bile acid receptor encoded by the NR1H4

gene in humans and it is one of 48 nuclear transcription factors identified so far,
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which are involved in diverse biological processes, including cell growth,

differentiation and metabolism. FXR is localized in the nucleus. This makes it

different to the majority of nuclear receptors which reside mostly in the cytosol

and traffic to the nucleus only under the influence of their ligand hormone. It is

expressed in high quantity in several gastrointestinal and intestinal organs like

liver, intestine, kidney and adrenals [116]. FXR regulates liver inflammation and

regeneration. It maintains liver triglyceride homeostasis and protection against

fatty liver injury in nonalcoholic fatty liver disease (NAFLD) [117].

Physiological functions of FXR

The main physiological role of FXR is to function as a biological sensor for bile

acids, regulating their biosynthesis, conjugation, transport and detoxification in

the liver and intestine [109]. It maintains bile acid homeostasis [118] by controlling

its level within a physiological range in order to prevent bile acid accumulation

and cellular damage. As has been described already, FXR activation inhibits

bile acid biosynthesis in liver by down-regulating some key enzymes involved

in bile acid synthesis, for example, CYP7A1.

The impact of FXR on bile acid synthesis has been well defined, however, its

role in bile acid transport is not fully understood. FXR has an established

profile in the regulation of enterohepatic circulation of bile acids. The

enterohepatic circulation is considered the way that evolution developed to

recycle valuable functional molecules/drugs. FXR modulates the expression of

major bile acid transporter proteins involved in whole enterohepatic circulation

and these bile acid transporters are important components in mediating bile

acid efflux and minimizing the deleterious effects of bile acid accumulation.

FXR activation in the liver contributes to increased conjugation of bile acid

followed by the excretion of bile acids from the hepatocyte into bile, thereby

facilitating bile flow. Furthermore, FXR activation in the intestine enhances the

reabsorption of bile acid back into liver.
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The function of FXR in this enterohepatic circulation mainly involves the

regulation of various transporter proteins on the membrane of liver and

intestine. FXR regulates bile acid conjugation by inducing BACS and BAAT

gene transcription. At the same time, FXR reduces bile acid uptake primarily

by hepatocytes by suppressing the expression of Na+-taurocholate

cotransporting polypeptide (NTCP, SLC10A1, mediating the uptake of

conjugated bile acids) [119], a transporter that facilitates bile acid across the

sinusoidal membrane of the hepatocyte from the portal blood and to a lesser

extent by sodium independent organic anion transporter OATPs (OATP1,

SLCO1A1 and OATP4, SLCO1B2) present on the sinusoidal membrane of

hepatocytes. In addition, FXR promotes basolateral bile acid excretion into bile

canaliculi by inducing the expression of ATP-binding cassette (ABC proteins)

in the membrane of hepatocytes, known as bile salt export pump [120, 121] (BSEP,

ABCB11, an transporter helping bile acids export across the canalicular

membrane considered as the driving force for bile formation), multidrug

resistance protein, MDR2 (in mice, involved in biliary excretion of

phospholipids) and MDR3 (ABCB4, in human), multidrug

resistance-associated protein 2 (MRP2, ABCC2, mediates canalicular

excretion of conjugated organic anions) and multidrug export pump 1a

(MDR1A, ABCB1A). These ABC proteins transport bile acids to the bile from

liver cells and finally down-regulate the bile acid level in the hepatocytes. The

regulation of these ABC proteins is to reduce bile acid accumulation in the liver

and consequent liver injury. Activation of FXR leads to the upregulation of

intestinal bile acid binding protein (IBABP, first FXR target gene identified in

the gastrointestinal system), which affects the transport of bile acids in

intestinal epithelial cells. FXR also activates an ileal bile acid binding protein

called apical sodium-dependent bile salt transporter (ASBT, SLC10A2) [122]

located in the distal segment of the small intestine, facilitating the reabsorption

of conjugated bile acids in the brush border membrane and uptake of bile acids

into the terminal ileum. FXR induces the organic solute transporter (OSTα/β,
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SLC51A/SLC51B) gene transcription [123–125]. OSTα/β is the major bile acid

efflux transporter in the intestine [125] essential for intestinal bile acid export

across the basolateral membrane from enterocytes and it provides alternative

excretion routes for bile acids into the systemic circulation. FXR stimulates the

hepatic OSTα/β expression in patients with PBC and OSTα/β acts as an

adaptive response to cholestasis to excrete bile acids from hepatocytes.

Additionally, activation of FXR induces the expression of MPR2 on the

basolateral surface of renal tubular cells increasing the overall elimination of

toxic bile acids from the body [126, 127].

FXR plays a vital role in enterohepatic circulation of bile acids by regulating

bile acid synthesis, biliary bile acid secretion, intestinal bile acid reabsorption

and hepatic uptake of bile acids into hepatocytes [128–130]. All these ensure a

constant bile acid level and prevents accumulation of bile acids in enterocytes

and liver, colon diseases caused by build-up of toxic bile acids.

Figure 2.8- A schematic illustration of the effect of bile acid and FXR in
the enterohepatic circulation [318]. Bile acids activate hepatic and intestinal
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FXR to regulate genes important for bile acid metabolism. This circulation
involves the participation of two main hepatocyte transporters and two main
ileal enterocyte transporters. Ileal uptake of conjugated bile acids aids by a
sodium dependent transporter, ASBT while exiting from the ileal enterocyte
requires organic solute transporter, OSTα/β. In the hepatocyte, uptake of
conjugated bile acids is mediated by sodium-dependent, NTCP, the apical
transporter shares homology with ASBT, and sodium-independent transporters,
a large family of OATP molecules (OATP1 and OATP4) present on the
basolateral membrane. The driving force for the elimination of conjugated bile
acids into the bile from the hepatocyte is, BSEP, an ATP-energized efflux
transporter in the canalicular membrane. In addition to these, a large amount
of transporter proteins involved in the whole enterohepatic cycling. These bile
acid transporters are the vital components in the circulation, maintaining bile
acid homeostasis and also minimizing faecal and urinary loss of bile acids.
Deficiency in FXR regulation of enterohepatic circulation of bile acids may
cause many hepatic disorders.

FXR regulates gene expression involved in the regulation of a network of

metabolic pathways including lipid [131], glucose, and triglyceride metabolism
[87]. The activation of FXR signaling is found to reduce inflammation in diabetes
[132, 133] and fibrosis as well (Figure 2.9). Bile acids and FXR are therapeutic

targets for the treatment of obesity, diabetes, lipogenesis, fatty liver diseases,

cholestatic liver diseases and many other metabolic disorders. However, FXR

activation leads to increases in low-density lipoprotein (LDL), which is

predictive of cardiovascular risk. This may be an important limit on the

therapeutic usefulness of FXR agonists. Despite this issue FXR is regarded as

an attractive target for new drug discovery especially in liver protection and

modulation of metabolism.
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Figure 2.9- Multiple effects of FXR in animals [134]. FXR regulates multiple
gene expression involved in bile acid, glucose and lipid homeostasis and helps
reduce inflammation and hepatic fibrosis. FXR agonist OCA has many clinical
applications.

FXR and colon/liver cancer

Many important physiological functions of FXR have been identified and some

of these have already been described. An abundance of evidence suggests

that FXR may be a useful target in the prevention of colon carcinogenesis [135].

Colon cancer is the third most common cancer causing 700,000 deaths

worldwide in 2012 [136]. Colon cancer is link to a high level of fat intake and

consumption of high-fat food itself is linked to increasing levels of bile acids in

the colonic lumen. Following a high-fat, high-sugar, Western-style diet,

abnormal high levels of bile acids might be found in the intestine [137, 138].

Patients with higher concentrations of secondary bile acids, DCA and LCA, are

more frequently diagnosed with colon cancer [139]. FXR regulates the bile acid

concentration within a physiological range, preventing cell cytotoxicity caused

by excessive bile acid in ileal enterocytes and in hepatocytes. It has been

demonstrated that decreasing FXR activation in the intestine leads to
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increasing tumor size and numbers. Increasing level of FXR expression

activates expression of tumor suppress gene, therefore be effective in colon

and liver cancer treatment [140].

FXR activation has been demonstrated to promote liver repair/regeneration [141]

and liver regrowth [142] in response to the increased bile acid stress as it

prevents excessive inflammation and bile acid induced liver toxicity after partial

hepatectomy or liver injury [143–148] and directly suppressing liver cancer cell

proliferation [148, 149]. FXR protects the liver from cancer development and it

leads to hepatoprotection and HCC suppression at multiple levels [150]

including repressing ROS generation and preventing hepatocyte apoptosis.

Besides, elimination of FXR generates high bile acid level, leading to

inflammation and an increase in colon cell proliferation and colorectal tumor

formation. This points to the protective role of FXR on colon cancer [151, 152].

FXR structure

The FXR protein consists of several functional domains (Figure 2.10). One is

the N-terminal DNA binding domain (DBD). It is composed of around 70 amino

acids and it contains two zinc finger motifs for DNA binding. Zinc fingers allow

the nuclear receptor to bind to DNA elements, known as hormone response

elements composed of the sequence AGGTCA [153]. DBD is a highly conserved

DNA binding domain and it directs nuclear receptors to specific DNA sequence.

Another side is the moderately conserved ligand binding domain (LBD) that is

a very complex encoding domain for ligand binding and receptor dimerization
[122]. It consists of 250 amino acids and it has a dimerization motif for binding to

other nuclear receptors. Generally, FXR binds to corepressors and is inactive

in the absence of a ligand, while ligand binding enables coactivators to

displace corepressors. The two main domains are connected by flexible hinge

region which contains the nuclear localization signal.

A ligand-independent transactivation function-1 (AF-1 sequence) and
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ligand-regulated transactivation function-2 (AF-2 sequence, helix 12), are

located in the N-terminal and C-terminal domain, respectively. AF-1 has many

post-translational modification sites and AF-2 is important for recruitment of

transcriptional coactivators.

Figure 2.10- The structure of FXR. It includes an NH2-terminal binding
domain and a COOH-terminal binding domain. Each domain contains a
transactivation function domain [154].

Until now, two FXR genes known as FXRα and FXRβ are found in mammals.

FXRβ is a separate gene in some rodents such as rodents, mice, rabbits and

dogs but it is a non-expressed pseudogene in humans [155] and does not

function as a bile acid receptor [156]. Its physiological function remains to be

established. FXRα is dominantly expressed in the liver and also in kidney and

gut. FXRα encodes four FXR isoforms (FXRα1, FXRα2, FXRα3 and FXRα4)

because of diverse promoters and alternative splicing in the human or mouse

gene. Notably, they differ in their tissue distribution and different FXR isoforms

regulate the expression of different target genes in vitro. FXRα1 and FXRα2,

are mainly expressed in human liver and moderately in ileum and adrenal

gland. It has been reported that they can regulate human bile salt export pump

(BSEP) [157]. FXRα3 and FXRα4 are abundantly expressed in ileum,

moderately in kidney and at low levels in the duodenum and jejunum. It is

worth stressing that the term ‘FXR’ used in this thesis refers to its FXRα

isoform.

The main effect of FXR activation is the suppression of bile acid synthesis

genes. FXR activation inhibits CYP7A1 gene expression through the hepatic

small heterodimer partner (SHP) protein in liver cells. SHP is an atypical
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nuclear receptor as it is devoid of DNA binding domain (DBD) but it has high

sequence homology [85]. It is a common transcriptional repressor of nuclear

receptors and mediates bile acid homeostasis and preventing cholestatic injury.

The promoter for SHP gene involves an FXR response element composed of

inverted repeats separated by a single base pair. SHP forms a non-functional

complex with liver receptor homolog-1 (LRH-1, NR5A2) and up-regulating SHP

levels lead to the binding and inhibition of LRH-1 and subsequent decreasing

CYP7A1 gene expression as LRH-1 is required for the transcription of

CYP7A1 [158–160]. In the absence of LRH-1 activity, the synthesis of bile acids

declines.

SHP also blocks the DNA binding activity of several other nuclear receptors via

direct protein-protein interactions. One of these nuclear receptor target is

hepatocyte nuclear factor 4 (HNF4α, NR2A1), a third transcription factor, to

inhibit the expression of CYP7A1 [161, 162]. CYP7A1 gene have a binding site for

HNF4α. HNF4α is a key regulator of bile acid biosynthesis and conjugation [163]

(by inducing the genes encoding BACS and BAAT in the hepatocyte) and

contributes to the feedback inhibition of CYP7A1 expression by bile acids.

HNF4α is essential for maintaining normal CYP7A1 expression [164] and

deficiency of HNF4α leads to significant reduced expression of CYP7A1 [165]

and increased bile acid synthesis [166].
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Figure 2.11- Mechanism of regulation of lipid and bile acid homeostasis
by bile acids [167]. Bile acid mediated CYP7A1 expression is through several
different pathways, (i) hepatic FXR/SHP pathway: bile acid activated FXR
induces SHP, which represses HNF4α transcription of CYP7A1 and CYP8B1
gene transcription in hepatocyte; (ii) intestinal FXR/FGF19/FGFR4 pathway:
FXR induces FGF-19 in human and FGF-15 in mouse, which is secreted into
portal circulation to activate FGFR-4 in hepatocyte via the portal vein. FGFR4
signaling stimulates JNK and ERK1/2 pathways of MAPK signaling to repress
CYP7A1 gene transcription. (iii) FXR independent signaling pathways:
Conjugated bile acids activate Protein kinase C, which activate the MAPK
pathways to inhibit CYP7A1 gene expression.

Given the large number of animal studies conducted, FXR/SHP is not the only

pathway involved in bile acid negative feedback regulation [168]. Bile acid

synthesis is upregulated and bile acids pool size is increased in FXR deficient

mice [169] but bile acid synthesis is still inhibited in SHP deficient mice. Most

studies on the feedback inhibition involved in bile acid homeostasis focused

only on liver but with little attention paid to the intestine. FXR in the intestine

has been proven to contribute significantly to repress bile acid synthesis in the

liver [170, 171]. Nevertheless, many reports suggest bile acids can regulate their

own biosynthesis via another negative feedback mechanism,

FXR/FGF19/FGFR-4 pathway, generally defined as alternative
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SHP-1-independent pathway (endocrine pathway) in the regulation of bile acid

biosynthesis. In the ileum, FXR activation leads to the upregulation of FGF-19

(fibroblast growth factor 19, synthesized by the ileum epithelial cells) in primary

human hepatocytes and FGF-15 (fibroblast growth factor 15, released by the

ileal enterocyte) in mouse intestine [172]. FGF-15/19 circulates back to the liver

from ileum, functions as a signaling hormone and binds to the hepatic FGFR-4

tyrosine kinase, at the plasma membrane of hepatocytes and other epithelial

cells, via the portal vein. The interaction with hepatocyte FGFR-4 requires the

assistance of partner membrane-bound glycosiade β-Klotho, a

membrane-bound glycosidase and its level is significantly high in the liver. This

complex then leads to activation of extracellular JNK1/2 of the MAPK pathway

(a second SHP-independent pathway) and subsequent inhibition of both ASBT

and CYP7A1 mRNA expression in primary hepatocytes [79, 173–178], and thereby

decrease bile acid synthesis [177–179]. Over-expression of a human FGFR-4

represses CYP7A1 gene expression indicating the important role of FGFR-4

signaling in mediating bile acid feedback inhibition. This FXR/FGF19/FGFR-4

pathway may be an important physiological pathway in the regulation of bile

acid synthesis. Moreover, FGF-19 relates with the inhibition of hepatic glucose

production [180] and lipogenesis [181] and promotion of glycogen synthesis [182].

Figure 2.12- Regulation of bile acid synthesis by repression of CYP7A1
gene expression by FXR signaling [183]. This involves the activation of SHP
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in liver and release of FGF15/19 in the gut and following binding to FGFR-4,
which leads to the reduction of CYP7A1 expression.

FXR/FGF19/FGFR-4 pathway cooperates with SHP to regulate bile acid

synthesis [174]. It is likely that the major physiological mechanism for feedback

regulation of bile acid synthesis is through bile acid activation of intestinal

FXR/FGF-19 signaling to activate hepatic FGFR-4 pathway. When bile acid

concentration increases during liver cholestasis, the FXR/SHP pathway can be

activated to repress bile acid synthesis. However, the mechanism remains to

be further clarified.

In the autocrine pathway, a third pathway, FXR activation by conjugate bile

acids activates the MAPK/ERK1/2 pathway to inhibit CYP7A1 transcription.

Activation of ERK1/2 by bile acids has been proved to mediate beneficial

effects of bile acids and may be involved in cytoprotection from bile

acid-induced apoptosis [184] and stimulation of bile formation [185]. This pathway

may be an adaptive response to protect liver cells from cholestatic injury. In

addition to these, many other signaling pathways exist and they protect against

bile acid toxicity during liver diseases by regulating CYP7A1 expression

corporately.

In addition to bile acids, hormones and exogenous compounds may affect bile

acid synthesis. These include insulin [186] and thyroid hormones [187] by targeting

CYP7A1 protein. Insulin down-regulates CYP7A1 enzyme in different animal

species and thyroid hormones induce CYP7A1 gene transcription in rats. This

is well related to the structure of CYP7A1 and it has been reported that bile

acids reduce CYP7A1 mRNA stability via the bile acid response elements

located in the 3’-untranslated region [188, 189], which are extremely long and

have a short half-life.

To summarize, CYP7A1 contributes to the production of bile acids from

cholesterol. Bile acids influence their own production through the FXR.

Therefore bile acids have the potential to regulate their own levels through
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feedback inhibition via enterohepatic circulation to repress CYP7A1 [190]

activities and expression. In addition to CYP7A1, FXR inhibits CYP8B1 and

CYP27A1 transcription by complicated mechanisms as well.

Bile acids activate Farnesoid X receptor (FXR) in the ileal enterocytes and

hepatocytes. Once activated, FXR translocates to the cell nucleus and forms a

FXR-RXR (retinoid X receptor) heterodimer complex. The dimer complex

binds to the FXR response element (FXRE), transducing signals and

regulating multiple gene expression, involved in bile acid, lipid, glucose and

amino acid metabolism. In addition to these, the dimer complex contributes to

allosteric conformational changes on the binding site of FXR, which can lead to

the dissociation of corepressor and increase the transcriptional effect of FXR

by promoting the coactivator binding [191] in an AF-2 dependent way.

Figure 2.13- FXR regulates multiple genes expression in DNA when
activated by BAs [116]. FXR binds with RXR as a heterodimer complex to FXR
response elements on DNA (FXREs).

FXR agonists

Based on the great importance of FXR, FXR agonists have been developed

and some of them are currently tested in clinical trials for many liver diseases.

FXR ligands bind to the C-terminal ligand binding domain (LBD) of the receptor.
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Figure 2.14 below shows the different binding modes of FXR ligands to the

LBD of FXR receptor. Both bile acid ligands and synthetic ligands bind to the

FXR.

Figure 2.14- Different binding modes of ligands to the LBD of FXR [192].
The left diagram shows the binding of FXR agonist, OCA and synthetic ligands
GSK8062 (cyan carbon sticks), fexaramine (orange carbon sticks) and
benzimidazole derivative (purple carbon sticks) and the right diagram shows
the binding of FXR antagonist, guggulsterone.

FXR can be activated by both free and conjugated bile acids. The bile acid

pool of an organism is usually composed of twenty or more different members

varying in their ability to activate FXR. Among all the normal existing bile acids,

only hydrophobic CDCA is found to bind and significantly activate FXR at

physiological concentrations. CDCA is highly effective at suppressing CYP7A1

gene expression and activating FXR function, followed by LCA, DCA and CA.

They can also activate FXR, but to a lesser extent than CDCA. Hydrophilic bile

acids, such as UDCA and other muricholic acids (MCA), are weak FXR

agonists [1116, 193–194]. One of the potential outcomes of this project is a

reclassification of the secondary bile acids and their 3-epimers as agonists,

inverse agonists or antagonists. Differences in their potency of FXR activation

is further complicated by ability of gaining into cells with the aid of appropriate

transporters [195] or the relative affinities of the various bile acids for the nuclear

receptor.
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CDCA has already been recognized as a potent endogenous FXR ligand and

acts as an important signaling molecule to regulate bile acid level via the

activation of FXR [196–198]. Based on the structure of CDCA, a potent high

efficacy FXR agonist was discovered soon after the classification of FXR as a

bile acid receptor. 6α-Ethyl-CDCA (6α-ethyl, 23(R)-methyl CDCA, INT-747,

obeticholic acid, OCA), developed by Intercept Pharmaceuticals Inc [199, 200], is

a semi-synthetic first-in-class FXR agonist and has been shown to have

around 100-fold higher agonist effect than CDCA. It is an amiphipathic

compound and these physicochemical properties contribute to its recognition

by the FXR. The higher affinity to the FXR is because its 6α-ethyl group

locates in the hydrophobic cavity, which is not fully filled by bile acids. This

provides 6α-ethyl CDCA with additional molecular recognition by FXR [202].

Figure 2.15- The effective bile acid ligands for FXR. Left is CDCA and right
one is synthesized 6α-ethyl-CDCA (INT-747). INT-747 is more lipophilic than
its corresponding natural analogue.

OCA is the first steroidal FXR agonist to be approved as a medicine [203]. So far,

it has been approved to treat cholestasis in subjects with PBC [202, 204] approved

by the FDA and is in the later stages of clinical development for NAFLD [205]

and NASH [206]. It protects the liver against the retention of bile acids and

subsequent necrosis and cirrhosis by stimulating bile acid conjugation and

secretion from hepatocyte. It has been shown to be safe and the results of

Phase II human clinical studies have shown that this compound exerts benefit.

OCA improves insulin sensitivity and potentially can be used therefore to treat
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patients with type 2 diabetes [205]. It reduces inflammation and fibrosis [207] and

its administration was shown to decrease alkaline phosphate levels in patients

in a double-blind, placebo-controlled clinical trial. As such OCA was approved

on the basis of a marker of disease rather than a clinical endpoint. OCA is the

most advanced clinical candidate of a new generation of bile acid based

metabolic modulators. This suggests that minor structural modifications could

significantly affect their therapeutic effects by interacting with FXR. Although

this compound is of great benefit, its use is associated with some side effects.

The major limitation of OCA is the high incidence of pruritus and itching

happens to around 80% patients with PBC receiving OCA treatment [208–210].

Besides, it leads to increased serum LDL cholesterol and decreased HDL

cholesterol [211]. The severity of its side effect restricts the use of OCA in

cholestasis and prevents its use in the Phase III and IV PBC patients.

GW4064, an isoxazole derivative, was the first reported synthetic non-steroidal

FXR agonist identified by high-throughput screening and combinatorial

chemistry [212]. Its EC50 is around 90 nM and it exhibits greater efficacy than

CDCA. It plays a role as the typical FXR non-steroidal reference compound. It

can protect against cholestatic liver damage [213] and cholesterol gallstone

diseases [214] and reduce CRC cell proliferation by reducing EGFR pathway

activation. GW4064 inhibits CYP7A1 mRNA expression in human hepatocyte

and reduces inflammation by inhibiting the transcriptional activity of

pro-inflammatory transcriptional nuclear factor (NF-kB) [215] in hepatic and

intestinal cells. However, its poor pharmacokinetic property and bioavailability

restricts its therapeutic application and precludes its use in clinical trials.

Based on the chemical structure of GW4064, some other synthetic FXR

ligands were evaluated, for example, Px-104 [216], cilofexor (GS-9674 derived

from GW4064, improves cholestasis and liver injury), imatinib and fexaramine
[217]. However, these synthetic non-steroidal FXR ligands all have the

disadvantages of poor bioavailability and toxic effect, which restrict their
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clinical utility [218, 219].

Figure 2.16- Examples of non-steroidal FXR ligands, GW4064 and other
synthetic FXR ligands. Imatinib, an approved drug (Gleevec ®), possesses
high therapeutic relevance in the treatment of chronic myeloid leukemia.
Fexaramine is a promising new class of FXR agonist, exerting strong
anti-obesity effect by improved insulin sensitivity.

Although CDCA is a potent FXR ligand, its 7β-epimer, UDCA, does not activate

FXR. This is because of the β-oriented hydroxyl group at C-7, altering the

optimal balance between the hydrophobic area and hydrophilic region. We

now know a lot of the structure activity requirements to activate FXR [220].

Firstly, bile alcohol synthesized from CDCA and CA, activates FXR also.

Secondly, 7β-hydroxyl group diminishes their ability in activating FXR. Thirdly,

taurine and glycine conjugation has minimal effect on FXR activation [221].

Moreover, introduction of bulky alkyl substitute on 3β or 7β diminishes their

ability in FXR activation because of the effect of steric hindrance. Increasing

the length of side chain leads to diminished activity.

FXR activation has many interesting therapeutic applications. FXR agonists

regulate bile acid, lipid and glucose homeostasis and have anti-inflammatory

effects. The most important application is that they can protect the liver against

the hepatotoxic accumulation of bile acids that is seen in cholestatic liver

disease. FXR activation could also be beneficial to decrease levels of liver and

serum triglyceride. Agonists that selectively target intestinal FXR is useful for

the treatment of obesity associated diseases [156] and type 2 diabetes.

Furthermore, bile acid-mediated FXR activation has shown to be
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enteroprotective and leads to the prevention of bacterial overgrowth and

epithelial deterioration [222].

FXR antagonists

Activation of FXR leads to complex responses and potentially undesirable side

effects, for example, it leads to reduced triglyceride levels in

hypertriglyceridemic patients which results in decreased HDL level and

accumulation of cholesterol in the body, finally inhibition of bile acid synthesis.

In contrast to FXR agonists, FXR antagonists stimulate the conversion of

cholesterol into bile acid by increasing CYP7A1 activity and thus promote

cholesterol metabolism and reduce the level of total cholesterol. From this

point, FXR antagonists might be developed as drug candidates [223] and they

may be useful as therapeutic agents for hyperlipidemia and cholestatic

disease as well as atherosclerotic heart diseases. Most recent researches

indicate that FXR antagonism may have therapeutic effect for the treatment of

NAFLD [111].

FXR antagonists bind to the LBD of the nuclear receptor but do not activate it

as they do not stabilize AF-2 domain of LBD. Their binding to the FXR prevents

transcription, by causing a different positioning of H12 to sterically hinder

binding of coactivators. Moreover, by occupying the FXR site, antagonists

inhibit receptor activation by agonists. FXR antagonists are normally more

sterically hindered and bulkier than FXR agonists. The overall effect of FXR

antagonist administration is reduction of FXR signaling and reduced

expression of FXR target genes. FXR antagonists are divided into two different

types based on their functions, which they can either destabilize the

receptor-coactivator complex or stabilize the receptor-corepressor complex
[224].

The sterol guggulsterone is the first FXR antagonist reported in the literature

based on preliminary pharmacological results [203]. It is the active component
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extracted from Indian gugal tree (Commiphora mukul [225–227]), a traditional

herb widely used in medicine to treat obesity and lipid disorders. It is sold in

western countries as a food supplement for decreasing cholesterol levels and

preventing the accumulation of cholesterol in the liver. As can be seen from its

chemical structure (Figure 2.17), it has two isomers (E and Z). Neither isomer

has FXR activity, while they can interfere with CDCA activity. The putative

beneficial effect of guggulsterone was attributed to its FXR antagonizing

activities and it can repress the FXR activation by CDCA in vitro. Surprisingly, it

is found to increase endogenous BSEP expression with up to 4- or 5- fold

compared with FXR agonists like CDCA and GW4064 [228]. The mechanism of

antagonist action of guggulsterone is not clear currently and possibly it does

not bind FXR on the LBD. It lacks specificity for FXR but it triggers the

activation of other nuclear receptor like PXR. Some studies suggest that

guggulsterone inhibits CYP7A1 transcription by activating PXR [229]. PXR

interacts with HNF4α and blocks HNF4 interaction with PGC-1α, a

transcriptional coactivator regulating the genes involved in energy metabolism,

resulting in inhibiting CYP7A1 transcription. However, the use of

guggulsterone is very limited because it is non-specific and has very low

potency (IC50=12–25 μM) [230].

A sulfated sterol from marine ophiuroids, is also a potent and selective FXR

antagonist and it has distinctive structural features. It contains two sulfate

groups on C-3’ and C-21’ position and the longer and bulkier side chain with an

OH-group at C-26’ position (Figure 2.17). Also, it has rare A/B cis ring junction

and negative charge on the side chain. These structural characteristics are

linked to its activity as FXR antagonist [231]. This sulfated sterol prevents the

recruitment of the transcriptional coactivator complex essential for gene

transcription.

https://en.wikipedia.org/wiki/Coactivator_(genetics)
https://en.wikipedia.org/wiki/Energy_metabolism
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Figure 2.17- The FXR antagonists, two isomers of guggulsterone and
sulfated sterol from marine ophiuroids.

Many other FXR antagonists derived from natural products have been found

after the identification of guggulsterone. A typical example is stigmasterol

acetate, a water-soluble semisynthetic derivative of the main components of

soy-derived lipids, stigmasterol. It shows a dose-dependent FXR antagonist

effect suppressing CDCA mediated expression of FXR target genes.

TGR5 receptor

The discovery of FXR as the bile acid receptor has significantly facilitated our

understanding of bile acid regulation. However, bile acids are also ligands for

TGR5 [232, 233]. This is a member of novel transmembrane G-protein coupled

receptor (GPCR) family, originally considered an orphan GPCR. TGR5 is the

known GPCR for bile acids characterized in 2003. TGR5 is encoded by a

single exon gene and on chromosome position 2q35 in humans [234] and a

region on mouse chromosome 1c3. TGR5 is widely distributed in different

organs and cells with varying degree of expression. It is highly expressed in

gallbladder epithelium and lower in liver, intestine and central nervous system
[235–238].

A number of synthetic non bile acids agonists have been found for the TGR5

receptor for multiple synthetic agonists [239]. TGR5 is now regarded as a

potential drug target for the treatment of many metabolic disorders, such as

type 2 diabetes [240], fatty liver disease and also obesity and its activation has

effect on inflammation and liver cancer. TGR5 is a key receptor for mediating

the effects of bile acids in regulating insulin signaling and energy homeostasis.
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The structure of TGR5 gene is composed by 993 base pairs and seven

transmembrane domains, three extracellular loops and three intracellular loops

(for signal transduction). It has flexible N-terminal and C-terminal [241]. (See

Figure 2.18)

Figure 2.18- The structure of TGR5 receptor [241] and binding modes of
ligands to the TGR5 [242].

TGR5 is important in cell signaling pathway. When binding to the ligands in the

extracellular space, TGR5 transduces the signal in the extracellular space

inside by activating multiple effector pathways. Bile acid binding to TGR5 leads

to the activation of the adenyl cyclase cyclic AMP (cAMP) signaling pathways
[243]. cAMP is a secondary messenger of intracellular signal transduction for

hormones which cannot pass through cell membrane. Activation of cAMP

triggers activation of protein kinase A (PKA) and target gene expression [241].

This leads to further signaling and cell response and results in alleviation of

obesity and hepatic steatosis [244]. In liver and intestine, TGR5/cAMP signaling

represses inflammation by inhibiting nuclear factor NF-κB mediated

inflammatory cytokine production [245]. Besides, this reduces bile acid-induced

ROS and protects liver against bile acid-induced injury. In metabolic tissues

like brown adipose tissues in muscle, cAMP activation by bile acids contributes

to the activation of a thyroid hormone-activating enzyme called type 2
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iodothyronine deiodinase 2 (D2) and hence increases the production of thyroid

hormone T3, leading to stimulation of energy metabolism and improving

glucose tolerance. Furthermore, bile acids boost mitochondria activities and

oxidative phosphorylation in human skeletal cells via activation of D2, which

relates to a remarkable insulin sensitization [246].

Figure 2.19- The mechanism of TGR5 signaling pathway [247]. The
activation of the TGR5 receptor contributes to downstream signaling via cAMP
induction. cAMP accumulation is key to the function of TGR5.

FXR and TGR5 dual agonist

Targeting both bile acid receptors could be beneficial in distinct clinical

application, and could provide therapeutic effects in the treatment of metabolic

diseases such as obesity and Type 2 diabetes. Dual agonists are attractive

candidates as a novel therapeutic option in a range of metabolic and liver

diseases [216].

A FXR and TGR5 dual agonist derived from human primary bile acid CDCA,

called INT-767 (6a-ethyl-3α,7α,23-trihydroxy-24-nor-5β-cholan-23-sulfate

sodium salt, Intercept Pharmaceuticals), has been developed. It is a three-fold

more potent FXR agonist than OCA. It stimulates intestinal FXR expression

and intracellular Ca2+ and cAMP activation to induce GLP-1 secretion and

improve lipid and glucose metabolism. INT-767 contributes to insulin signaling
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and reduces fatty acid synthesis [248]. It has the potential to demonstrate

greater efficacy in repressing inflammation and organ damage because of

fibrosis and it has raised interest as therapeutic agent for treatment of diabetes,

NAFLD and NASH [249–252], two highly prevalent conditions in western countries.

Phase 1 clinical development of INT-767 has completed and further clinical

trials for the treatment of NASH are on the way.

Figure 2.22- The structure of FXR/TGR5 dual agonist, INT-767.

This review provides an extensive overview on FXR and TGR5 ligands

identified from natural compounds to medicinal chemistry optimization on their

endogeneous counterparts. These ligands mainly focus on steroidal scaffolds,

including hormones, sharing the structural features with natural bile acids. Bile

acid activation of FXR and TGR5 displays the importance of bile acids as

signaling molecules with critical paracrine and endocrine functions [253]. They

can modulate the immune responses [254] in macrophages, intestine, and

hepatocytes and constitute a potent defence mechanism by suppressing

NF-κB-mediated proinflammatory cytokine production. Besides, FXR and

TGR5 regulate bile acid, lipid, glucose and energy metabolism in the liver and

intestine.

Regulation of bile acid signaling pathways mediated by FXR and TGR5 could

be considered as novel and attractive targets for drug development. Although a

variety of synthetic or natural ligands have been identified already, the

discovery of more potent and selective compounds for FXR and TGR5 is

ongoing. Several new FXR ligands have been identified and are currently
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under clinical trials. The research for TGR5 ligands remains active and some

of them will go through the clinical trials process in the near future.

2.1.5 Aims and objectives of present work

The main aim of the work described in this chapter is to describe new synthetic

approaches for producing isobile acids to help in the characterization of their

effect on cellular toxicity and on bile acid receptor activation. It can be

hypothesised that isobile acids can influence FXR responses to endogenous

primary bile acids because of their presence in the bowel. We describe work

focused on synthetic approaches to isobile acids from 3α-bile acids, and then

study in intestinal cell lines for toxicity, lipophilicity and FXR reporter assays for

the effect on FXR receptor of the normally occurring bile acids (CDCA, UDCA,

DCA, LCA and CA) compared with their synthesized 3β isomers.

In the biological experiments, we investigated their effect on intestinal cell

viability, and then we tried to find whether these compounds are able to

activate FXR according to FXR reporter assay and recruitment assay. The

compounds have been studied for their lipophilicity using experimental

approaches and relationship explored between log P value and effect on

intestinal cell viability.

2.2 Design and synthesis of different isobile acids

2.2.1 Synthetic discussions

The steroidal ring A contains a hydroxyl group in the C-3’ position with alpha

orientation. In the work described here, we have focused on the synthesis of

the 3-beta OH isomers of five different bile acids (DCA, CDCA, LCA, UDCA

and CA) through reduction of the corresponding 3-oxo derivatives.

CA is taken as a typical example to show the general strategic approach

shown in Scheme 2.1. The synthetic route uses the introduction of the acetyl
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groups to hydroxyl groups except at position C-3’ followed by conversion the

3α-hydroxyl into 3-ketone with PCC. Then the 3β-hydroxyl is obtained via the

reduction of keto group. The reducing agents investigated included NaBH4 and

L-selectride solution. Finally the synthetic approach includes a necessary

deprotection step. Most of the bile acid synthesis follow this approach except

LCA which has one hydroxyl group, at C-3’ position.

Scheme 2.1- The synthetic route for the synthesis of isoCA.

2.2.2 Protection of bile acids

The first step in the synthetic approach was the selective protection of the

24-carboxylic acid followed by the protection of the secondary hydroxyl groups

at position C-3’, C-7’ and C-12’ as appropriate. The synthesis of methyl ester

39 was carried out in MeOH by adding acid catalyst at reflux. After leaving

overnight, TLC showed 100% conversion to product. The TLC plate was
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developed in hexane: EtOAc= 1:4 with vanillin solution used for detection. After

the completion of the reaction, the methyl ester was obtained as white solid in

high yield (94%). (Scheme 2.2)

Scheme 2.2- Protection of carboxylic acid group at C-24’ and hydroxyl
groups at C-3’, C-7’ and C-12’.

The selective protection of the hydroxyl group at 7’ and 12’ position is not

easily achieved in one step. The 3α-hydroxyl group is more reactive than 7α

and 12α hydroxyl groups because 7’ and 12’ position are more sterically

hindered and are axial in the CA case. In the present case, acetylation of all of

the hydroxyl groups and then selective deacetylation at 3’ position was a better

synthetic strategy. The esterification of the 3, 7 and 12-hydroxyl groups was

done with acetic anhydride in dry pyridine with the use of 4-DMAP as the

catalyst to yield triacetate 40. The formation of 40 was followed by TLC

analysis using hexane: EtOAc=3:1 as the mobile phase. After the reaction was

finished, the crude product was purified by flash chromatography to yield

product 40 as white foam (88%).
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2.2.3. Selective deprotection of bile acids

The selective deacetylation of compound 40 at the acetate group at C-3’

position was achieved by dropwise addition of acetyl chloride (AcCl) to excess

dry MeOH at cold temperature [255, 256] to produce a small amount of HCl. TLC

showed the conversion of the starting material to the desired product 41 (70%)

and a small amount of side product 3,7,12-trihydroxyl (39),

3,7-dihydroxyl-12-acetyl and 3,12-dihydroxyl-7-acetyl (30%).

Scheme 2.3- Selective deacetylation of 40 with acetyl chloride in dry
MeOH.

2.2.4 Oxidation of protected CA to 7-oxo derivative

Once 41 was obtained, the next stage was to convert 3α-hydroxyl group into

3β-hydroxyl group. It was decided to approach this through the 3-ketone rather

than by substitution (direct inversion) since the ketone is potentially itself an

interesting compound for biological evaluation. The oxidation of compound 41

with pyridinium chlorochromate (PCC) as introduced by Corey and Suggs in

1976 [257] yielded 3-oxo-7α, 12α-diacetate-5β-cholanoic acid in near 100%

yield and the pure ketone could be obtained after the workup. Compound 41

was dissolved in DCM and PCC was added 3 times over an hour at RT with

subsequent stirring for 4 h. The TLC showed the full conversion of compound

41. The TLC plate was developed in hexane: EtOAc= 2:1 with vanillin solution

used for detection. After the completion of the reaction, compound 42 was

obtained as white solid in high yield (98%–99%).
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Scheme 2.4- Oxidation of compound 41 with PCC.

2.2.5 Stereoselective of hydride reduction of 3-oxo bile acids

Many different types of reducing agents have been developed for the

conversion of ketones into the corresponding alcohols. Examples include

sodium borohydride (NaBH4), lithium aluminium hydride (LiAlH4), sodium metal,

catalytic hydrogenation and other more bulky reducing agent like L-selectride

and LTSBH etc.

LiAlH4 is an excellent reagent for the reduction of certain polar groups, for

example, carboxylic acid, ester, aldehyde and acyl chloride can be reduced to

corresponding alcohol. The reductions often proceed at room temperature or

below and are usually very rapid and free from side reactions. However, LiAlH4

was not considered in this case as it can reduce the methyl ester into

undesired alcohol at C-24’ position. Sodium metal reduction has a variety of

uses in organic chemistry. It can easily give up a lone electron as sodium metal

has a lone electron in its valence shell. It is a quite inexpensive alternative to

LiAlH4 reduction of esters to primary alcohol in industrial production. However,

in this case, sodium can cause the same problem as LiAlH4 because of its poor

selectivity. Catalytic hydrogenation can be another good option for ketone

reduction. By far the most common catalyst system applied tends to be

palladium on activated carbon under hydrogen (Pd/C in H2). Unfortunately,

experiments showed catalytic hydrogenation was not able to reduce the 3-oxo

group at ring A. NaBH4 is a relatively mild and safe alternative as it is a less

powerful reducing agent. Also, it is cheap and easy to handle. The use of
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NaBH4 as a reducing agent has been known for over 50 years. It can

selectively reduce aldehydes, ketones and acid chlorides in protic solvents, but

it is not able to reduce esters, carboxylic acid and nitriles. Reduction of the

steroidal 3-ketone with NaBH4 was quite feasible. Compound 42 was dissolved

in a MeOH-THF mixture at 0oC and then NaBH4 was added with stirring for 30

min and the reaction was kept under RT overnight. TLC analysis showed the

disappearance of starting material and formation of two different isomers the

second day. After the work up, the crude product was purified by flash

chromatography to give 3β-hydroxyl CA 43 and 3α-hydroxyl CA 41.

Scheme 2.5- Selective reduction of 42 with NaBH4. This method yielded two
different epimers, 3α-OH and 3β-OH, in different amounts.

Borane reagents are good electrophilic reducing agents and they are regarded

as Lewis acid type hydrides as the boron is electron deficient. They are widely

used in asymmetric reductions because of the mild reaction condition. NaBH4

reacts slowly with MeOH and produces the B(OCH3)4- ions which changes the

ratio of two different isomers.

Due to the planarity (chair conformation) of 3-ketone bile acid derivative, the

borohydride ion (BH4-) may attack the substrate ketone from either side. This
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causes both the cis and trans stereoisomer of the resulting secondary alcohol.

We expect the borohydride ion (BH4-) approaches to the carbonyl from a

less-crowded side (b) to yield an axial hydroxyl group which is 3β-hydroxyl

group as the exo side of the molecule offers steric hindrance to attack by the

BH4- nucleophile on the carbonyl carbon.

Figure 2.23- Two isomers of the desired product after the NaBH4

reduction of 3-ketones. Isomer b is supposed to be the major product as the
borohydride ion will approach the ketones from the bottom (endo attack),
which is less steric-hindered side. Isomer a is supposed to the minor product.

After the crude product was purified by flash chromatography, two spots were

separated and the NMR spectrum of each was obtained. The NMR spectra of

the upper minor product (a) and the lower major one (b) are shown below in

Figure 2.24.
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Figure 2.24- The NMR spectra of the minor spot (a) and the major spot (b)
after NaBH4 reduction of 3-keto-12α-acetoxy-5β-cholanoate DCA.
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As can be seen from the 1H-NMR spectra above, they show high similarity

except there is a broad singlet peak at 4.07 ppm (in Figure 2.24 a) and a broad

multiplet (triple-triplet) at 3.60 ppm (in Figure 2.24 b).

The NMR spectrum of cyclohexanol itself illustrates some common features

that can be used to distinguish axial and equatorial protons. The chemical shift

of the axial hydrogen is usually upfield of the equatorial hydrogen, by 0.5 ppm
[258, 259]. In addition to this, the axial hydrogen shows a broad signal at higher

field and equatorial hydrogen shows narrow peak at lower field [260, 261] as the

axial-axial J coupling constant is large (~10 Hz) while the axial-equatorial and

equatorial-equatorial couplings are progressively smaller [262] based on the

Karplus equation.

Therefore, it is possible to reach the conclusion that spectrum a represents

the 3α-H isomer (axial OH) and the spectrum b represents the 3β-H isomer

(equatorial OH). Spectrum a is for 3β-hydroxyl-12α-acetoxy DCA 43 and the

spectrum b corresponds to 3α-hydroxyl-12α-acetoxy DCA 41.

In order to illustrate clearly the structural difference between 3α-OH DCA and

3β-OH DCA, the 3D models of these two compounds have been built in MOE

and are shown in Figure 2.25. As expected the steroid models are similar with

the main difference being the orientations of OH group at C-3’. Hydroxyl

groups that are in α-orientation are located below the steroid nucleus and are

equatorial to the plane of the A ring. Hydroxyl groups that are in β-orientation

are located above the steroid nucleus and are axial to the plane of the steroid

nucleus. For the upper diagram, the hydroxyl group at C-3’ is directed

downwards and the orientation is the same as the hydroxyl group at C-12’.

However, for the lower diagram, the hydroxyl group at C-3’ directs towards up

and the orientation is against the hydroxyl group at C-12’.
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Figure 2.25- The 3D modelling of 3α-OH DCA and 3β-OH DCA. The upper
diagram is for the chair conformation of 3α-OH DCA and the lower one is for
3β-OH DCA. The carbon chain is in gray, the hydrogen atoms are in white, and
the oxygen atoms are in red.
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After determining which peak is associated with which orientation, we can

determine the ratio of 3α-H and 3β-H products based on the integration of the

corresponding peaks. From the NMR of the mixture of two isomers (Figure

2.26), the integration of 3α-H is 0.49 compared with the integration of 1.47 of

3β-H. This suggests that NaBH4 reduction produces more 3α-OH than 3β-OH

and the ratio of 3α-OH to 3β-OH is 3.02:1.

Figure 2.26- The NMR spectrum of the mixture of two different isomers
after NaBH4 reduction.

In general the borohydride conditions produced too little of the 3β-OH isomers

for our research needs. Moreover, the purification of 3β-OH UDCA was

challenging as the two isomers were close together on the TLC. Therefore, an

alternative reducing agent was required that achieves greater selectivity.

From the literature, ketones are reduced by hindered boranes like selectrides

with high selectivity for axial products [263]. L-selectride is a bulky reducing

agent which can give predominately equatorial hydrogens (axial OH). The

selective reduction is achieved as the bulkiness of the nucleophilic hydride
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reagents favors addition of hydride primarily to one face of the cycloketones.

The stereoselective reduction of cyclic ketones with the hindered boranes has

been widely exploited in drug synthesis to produce the correct isomers of the

desired intermediate [264, 265].

The commonly used reducing agents like LiAlH4 and NaBH4 have been

reported to yield products with axial and equatorial hydrogens with the ratio of

90:10 and 85:15 respectively while the hindered borane, Li(s-Bu3BH) and

L-selectride, afford products with equatorial hydrogen as the major product.

Figure 2.27- The ratio of the axial to equatorial hydrogens after using
different reducing agents [265, 266].

The proportion of isomers produced also depends on the size and bulkiness of

the solvent. Usually, increasing size and bulkiness results in higher amounts of

the axial alcohol [268].

For the L-selectride reduction of 3-oxo bile acid, the reduction of methyl ester

into alcohol occurred when the reaction was initially carried out at 0oC. Also,

the starting material was not fully converted if only 1 eq. of L-selectride solution

was applied. Through several attempts, optimal conditions were identified.

Compound 42 was treated with four eq. of L-selectride solution in dry THF at

-18oC initially and then the mixture stirred to RT. After being left overnight, TLC

analysis showed the existence of both isomers, however, the axial alcohol

predominated by TLC.
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Scheme 2.6- Selective reduction of 42 with L-selectride solution.

As can be seen from the NMR spectrum in Figure 2.28, L-selectride reduction

produces ten times more axial product (3β-OH) than equatorial product

(3α-OH). This is reflected mainly in the integration for the 3α-H which is 1.03

while the integration for 3β-H is only 0.11 in this case.

Figure 2.28- The NMR spectrum of the mixture after L-selectride
reduction of 3-keto-12α-acetoxy-5β-cholanoate DCA. The ratio of 3β
hydrogen to 3α is 1:9.36.

Overall, NaBH4 predominately attacks from the axial side to yield equatorial

alcohol products (3α-OH) while sterically bulky species such as L-selectride

generate axial alcohol (3β-OH) by equatorial attack on the ketone. This was
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surprising to us because the axial attack was expected to be more sterically

hindered, instead, control may arise because of the bulk of the intermediate in

the reduction process rather than from influences on the hydride approach.

The preferential equatorial attack by the bulky nucleophiles is due to a steric

interference via axial interaction from the axial side and the axial attack by

small nucleophiles is due to an electronic effect. The axial attack of the hydride

on the 3-oxo contributes to the stabilization of the transition state by

delocalizing the electron density from the hydride itself to the anti-bonding

orbital of the anti-vicinal CH bonds.

Based on the success with the L-selectride, the same synthetic approach was

carried out for reduction of other 3-oxo bile acid intermediates. Production of

the relevant ketones in each case is not shown here but it followed broadly the

approach already shown and it was of course simplest for LCA because this

has only one secondary alcohol. The results of these experiments are

summarized in Table 2.1 which shows the ratio of 3α-OH to 3β-OH after both

NaBH4 reduction and L-selectride reduction. The data show that across the

range of bile acid ketones, NaBH4 reduction produces more 3α-OH and

L-selectride reduction mainly leads to the 3β-OH.

Table 2.1- The ratio of two different epimers for five different kinds of bile
acids after NaBH4 reduction or L-selectride reduction.

In conclusion, these two reducing agents have two different possible ways of

delivering the hydride to the keto group. Reduction of 3-keto compounds with
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NaBH4 usually yields bile acids with an equatorial hydroxyl group (3α-OH)

while L-selectride produces predominately bile acids with an axial hydroxyl

group (3β-OH). The observed preferential addition of bulky reagents to the

equatorial side is generally attributed to steric factors that the axial side is more

hindered than equatorial side due to the 1, 3-diaxial interactions with the

incoming nucleophile on the cyclohexane ring [269, 270].

2.2.6 Hydrolysis of 43

Compound 43 was treated with 2M aq. NaOH solution under reflux condition

for 24 h. After the workup, compound 44 was obtained as a white solid in high

yield (99%). A similar approach was adopted to the other epimeric bile acids

that were esterified at C24.

Scheme 2.7- Hydrolysis of 43 with NaOH/MeOH under reflux condition for
24 h.

2.3 Cytotoxicity of the isobile acids in Caco-2 cell line

In order to study the relative toxicity of the beta and alpha epimers, we used

the MTT assay (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide)

to determine their effect on cell viability of the Caco-2 cell line which is derived

from the colonic epithelium. The MTT shows the extent of mitochondrial

activity in the cell population following the treatment interval and removal of

detached cells. Substances that cause detachment reduce the apparent

viability without causing toxicity. Meanwhile substances that are cytostatic or
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able to interfere in mitochondrial activity can reduce MTT values without

causing overt toxicity. The application of the MTT approach here is in the

context of many studies carefully characterizing the effects of bile acids in the

relevant concentration range. Bile acids induce cell death in the range 50

µM–1 mM through a combination of extrinsic and intrinsic pathways, the

activation mechanism of which remains unclear. We studied cell viability

effects using the Caco-2 cell line which is from the colonic epithelium because

we wanted to understand the relative toxicity under (patho) physiological

conditions where isobile acids are produced and occasionally reach 300 µM [79].

Stock solutions of the different bile acid epimers were prepared in dimethyl

sulfoxide (DMSO) and these were diluted to 100 µM with supplement free

medium. The % cell viability was measured after incubating for 24 h and it was

calculated versus vehicle treated control, which was treated with same amount

of DMSO (1%). Each experiment was carried out in triplicate and repeated

three times to get nine data points in total for each bile acid solution. The data

are presented in Figure 2.29.

Figure 2.29- A measurement of toxicity of epimeric bile acid pairs. Caco-2
cells were seeded onto 96 well plates at a density of 1×105 cells/ml, and then
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treated with 100 µM bile acids solution for 24 h. Cells were then treated with 10
µL of 2.5 mg/ml MTT reagent and incubated for 2 h. The assay was normalised
to 1% DMSO vehicle control and absorbance of each well was read on a
VERSAmax Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) at a
wavelength of 570 nm. Values are expressed as mean ± SEM of three
triplicate experiments, * p<0.05, ** p<0.01, *** p<0.001 as determined by one
way ANOVA with Dunnett’s post-hoc correction.

Among the more commonly occurring 3α- bile acids, CDCA was found to be

the most toxic, followed by LCA, CA and DCA. UDCA was least toxic and this

is as expected from many studies on the relative toxicity of the bile acids.

UDCA is used in medicine and is generally regarded as a non-toxic bile acid

but it is toxic at higher concentration. In general, the beta compounds or isobile

acids were less toxic than the alpha compounds, with greatest difference in the

cases of CDCA and DCA. In the case of LCA was there no difference in the

toxicity of the epimeric pairs, which indicates that conformation of the hydroxyl

group in the monohydroxylated bile acid had a smaller effect. The significance

of this may relate to physicochemical properties as described below. The

primary bile acid CDCA (3α-OH) was highly toxic to the cells at 100 µM

whereas its 3β-epimer CDCA had little effect. Overall, the data are consistent

with reports that epimerization of the bile acids by the colonic microflora may

reduce toxicity to the colonic epithelium [271]. This may be related to the fact

that 3β-OH bile acids are more hydrophilic or have higher CMC than their 3α-

counterparts.

2.4 Physicochemical characterization and relation to cellular toxicity

A relationship between lipophilicity and toxicity of bile acids has been

considered to exist for quite a long time based mainly on the contrasting

behaviour of LCA, DCA and CDCA and more polar di- and tri-hydroxyl bile

acids such as UDCA and CA. RPTLC has been used widely for lipophilicity

determination for bile acids [272, 273]. It was interesting to see if there was a
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correlation between cytotoxicity of the beta compounds and their relative

lipophilicity.

2.4.1 Reverse phase thin layer chromatography (RPTLC)

The hydrophobicity (or lipophilicity) is related to the tendency of non-polar

molecules to form aggregates in order to reduce the surface contact with polar

molecules [274]. Lipophilicity is an important characteristic for any potential drug

candidate because it is essential in drug interactions with biological

membranes and influences cell permeability, absorption, uptake, distribution,

metabolism and in the bile acids, toxicity [275, 276]. It is also influential in

pharmacodynamic and pharmacokinetic aspects of drug action. Therefore,

accurate and efficient lipophilicity measurement approaches are relevant the

design of drugs are selection of clinical candidates. Lipophilicity itself is

typically conveyed in terms of a partition coefficient log P, the logarithmic scale

of the concentration ratio of the solute at equilibrium between two immiscible

solvents, one aqueous, and the other organic, typically, 1-octanol [277], a model

introduced by Hansch and Leo. A negative value for log P means the

compound has higher affinity for the aqueous phase and a positive value for

log P indicates a higher concentration in the lipid phase.

Defining the degree of lipophilicity of bile acids is of current interest in

structure-activity relationship studies since few systematic accurate data are

available and are limited to only some types of bile acids. Hydrophobicity data

indirectly determined chromatographically using C-18 stationary phase are

often in good agreement with partition coefficients determined by static

methods. The n-octanol/water system is the most widely used in the

determination of log P and can offer accurate predictions of activity in complex

biological system. However, it has some disadvantages including poor

reproducibility, it is time consuming and requires large amount of reagents. For

poorly soluble and UV transparent solutes like the bile acids, nonconventional
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detection methods are required. Our lab has found RPTLC is to be a useful

method for estimating relative lipophilicity of various bile acid series [278]

because the bile acids can be derivatised on the plate after development

overcoming the detection issue.

In the present work, the experimental retention parameter RM values for a

series of bile acids and isobile acids were calculated by RPTLC based on the

Rf value at three different mobile phase compositions in methanol-water.

The correlation is defined by the following equation by Smith and Westall [279]:

RM= )11log(
f


R

, (1)

where Rf is the retardation factor.

The RM values were determined under three different solvent systems (MeOH:

water=7:3, 8:2 and 9:1) for each bile acid compound. They were linearly

dependent on the concentration of organic modifier in the mobile phase, with

correlation coefficient r2  0.99. The Rf values were obtained in triplicate and

average value is taken for determination of RM value.

The RMW value for each solute is the theoretical RM value at 0% MeOH modifier

and this value is obtained when extrapolating from the calibration curve to the

zero percent of MeOH in each case (extrapolated value). This is in accordance

with equation given below:

RM= -S +RMW (2)

where  is the concentration of MeOH, S is the slope of the line determining

how RMW value be linear to the change of the concentration of MeOH [280]. The

negative value of the slope in this equation suggests an increment in the

migration of compounds per unit of increase in the content of the organic

solvent. The highest values of the slope indicates the compounds that are
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most susceptible to the change of the content of organic solvent in the mobile

phase.

The log P value of test substances is determined from the calibration graph

made from the log P of three reference compounds and their corresponding

RMW value [281].

2.4.2 Estimation of log P

As commented, log P is used to understand and predict the behavior of drug

substances in the body with respect to transport and disposition. It also has

influence on formulation, dosing and toxicity of drugs.

3β-OH DCA 3α-OH DCA

3β-OH CDCA 3α-OH CDCA
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3β-OH LCA 3α-OH LCA

3β-OH CA 3α-OH CA

3β-OH UDCA 3α-OH UDCA

Figure 2.30- The linear regression curve between calculated Rm value (Y
axial) and the concentration of MeOH, 70%, 80% and 90% (X axial). The
experimental RM values for a series of (iso)bile acids were calculated based on
equation (1) by knowing the Rf value for each spot on the RFTLC plate at three
different mobile phase compositions. Rf of each (iso)bile acid was measured in
triplicates. The RMW for each (iso)bile acid is the slope of the equation (2).

The log P values of all the isobile acids were predicted based on the calibration

equation of the log P value of three reference compounds and their RMW. To
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ensure reliable regression performance, reference compounds were selected

with an optimal range of log P. Reference compounds with their corresponding

log P are given below in Figure 2.31 (reference log P for DCA, CDCA and

UDCA is 3.50, 3.28 and 3.00, respectively [403]).

(A)

(B)

Figure 2.31- Panel (A) is the calibration curve between log P of three
reference bile acids and their corresponding calculated RMW. Panel (B) is

Compound RMW log P
(reference)

log P
(measured)

3β-OH DCA 5.11 3.55

3α-OH DCA 5.79 3.50 4.00

3β-OH CDCA 5.03 3.50

3α-OH CDCA 5.42 3.28 3.76

3β-OH LCA 6.71 4.61

3α-OH LCA 6.48 4.46

3β-OH CA 3.98 2.80

3α-OH CA 4.32 3.02

3β-OH UDCA 4.01 2.82

3α-OH UDCA 3.77 3.00 2.66
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the measured log P values of all bile acids based on the calibration
equation. A standard equation for log P estimation of isobile acids was made
based on published/reference log P of three bile acids (X axial) and their RMW

(Y axial). The log P of isobile acids was predicted by plotting their RMW into the
calibration equation.

The measured log P was not well correlated to the reference log P for some 3α

bile acids. The distinctions may be explained by the poor retention behavior of

some investigated bile acids on the RPTLC plate that their Rf was too low to be

exactly determined (e.g. LCA and isoLCA) with high concentration of the

organic modifier in the mobile phase.

2.4.3 Relationship between hydrophobicity and cell viability of Caco-2

cells

Many descriptors correlate with lipophilicity including hydrophobic surface area

(HSA), molecular length, and solubility parameter etc [282]. Besides, the

stronger intermolecular interactions (such as hydrogen bonding) between

molecules and the mobile phase are, the analytes are less retained on the

stationary phase and lower log P values are obtained.

Table 2.2 below summarizes the data obtained from RPTLC and the MTT

assay. Combined with cell viability data, we aimed to characterise the

relationship between hydrophobicity of each compound and cell viability

reduction on Caco-2 cell line.

Table 2.2- Data obtained in the RPTLC and cell viability assay on Caco-2
cells. HSA was obtained from MOE software. HSA is a sum of predicted
hydrophobic areas covering the surface of the molecule. Higher HSA
correlates with size and hydrophilicity which correlates with increased retention
in RP chromatography and higher log P. Cell viability was obtained from MTT
assay on Caco-2 cells following treatment with test article at 100 μM for 24 h.
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The in silico measure of HSA of the beta isomers was in general lower than the

HSA of the alpha isomers consistent with their lower RMW and greater polarity.

The number, position, and orientation of hydroxyl groups in a bile acid

influences the hydrophobicity [283]: The hydrophobicity of bile acids is inversely

proportional to the number of hydroxyl groups on the cholane scaffold and

incorporation of polar hydroxyl groups reduce hydrophobicity. Thus, the higher

number of hydroxyl groups of the bile acid molecules accounts for decreasing

hydrophobicity and smaller HSA. LCA is the most hydrophobic and CA is the

least hydrophobic and other bile acids, DCA and CDCA, are in between. UDCA

departs from this trend because of its 7β-orientated hydroxyl group.

Bile acid molecules have two different types of surfaces, the convex surface (β)

and concave surface (α). The convex surface (β) is non-polar, and

hydrophobic whereas the concave surface (α) tend to be hydrophilic to an

extent determined by the pattern of substitution. Hence the hydrophilic groups

in bile acids are arranged in the concave α-side of the steroidal rings, whereas

the hydrophobic domains are aligned towards the convex β-sides [284].
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Figure 2.32- General structure of bile acids [283]. A convex plane (β side)
and a concave plane (α side). The β side is more hydrophobic than α side.

CA has two α axial OH groups at C-7’ and 12’ and an 3α- equatorial OH group.

IsoCA (3β-hydroxyl cholic acid) is less hydrophobic than CA because it has a

less extended hydrophobic beta face. Dihydroxy bile acids, like isoCDCA and

isoDCA, also do not have true planarity and they can be regarded as having a

hydrophilic edge and their original hydrophobic face is disrupted by a

β-hydroxyl group, making them more polar and less hydrophobic.

The 7β equatorial side of the bile acids is less hydrophobic compared to those

with axial (α) groups. With respect to axial hydroxyl group, the water molecules

from the solvation sheath can be stabilized by hydrogen bonds from the α side

of the steroid. On the other hand, with the steroid having a equatorial hydroxyl

group (like UDCA) the area of stabilization is completely shifted towards the β

side of the molecule. This leads to increasing amount of nonstabilized water

molecules (NSWM) making them less hydrophobic than other bile acids [285].

This explains why UDCA is less hydrophobic than CDCA.
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Figure 2.33- The effect of the orientation of hydroxyl group at C-7’
position on the area of stabilization of water molecules [283]. 7α-OH bile
acids (left) stabilize water molecule from α side while 7β-OH bile acids
(right), like UDCA, stabilize water molecule from β side. (SSMP= steroid
skeleton mean plane, SWM= stabilized water molecules, AS = area of
stabilized water molecules)

Lastly, DCA has slightly higher hydrophobicity than CDCA because the C-12’

axial hydroxyl group is hindered from solvation by the C-17’ side chain.

Thus, we can conclude the order of hydrophobicity of the 3α-bile acids is:

LCA>DCA>CDCA>CA>UDCA [279, 285, 286], which exactly corresponds to the

order of their cytotoxicity based on the cell viability from MTT assay. At the

same time, bile acids with 3β hydroxyl groups are less hydrophobic than their

3α isomer except for LCA. In the case of LCA, there are no other secondary

alcohols so inversion of the 3-OH creates a uniformly hydrophobic alpha face,

while causing little interruption of the beta face. In the cases of CA, CDCA and

DCA, inversion of one secondary alcohol introduces hydrophilic character to

the beta face while retaining hydrophilic character in the unchanged secondary

alcohol on the alpha face. Interestingly, in the case of UDCA, inversion of the
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3-alcohol causes a uniformly hydrophilic beta face making isoUDCA

paradoxically less polar than UDCA– there is now an uninterrupted alpha face

to interact with lipophilic domains, in reverse phase chromatography or indeed

cell domains.

Given their relative toxicities the colonic conversion of 3α-OH bile acids to

3β-OH bile acids may be a mechanism for bile acid detoxification, particularly

for unconjugated secondary dihydroxyl bile acids generated by bacterial

metabolism in the gut.

Bile acid hydrophobicity (lipophilicity) is an important membrane toxicity

determinant. Bile acids promotes cell membrane transport and at micellar

concentration hydrophobic bile acids can disrupt the cell membrane by

extraction of membrane lipids, such as phospholipids. In general, the efficiency

of bile acids to solubilize phospholipids correlates with increasing

hydrophobicity [287]. Hydrophobic bile acids induce mitochondrial dysfunction

by causing mitochondria permeability transition (MPT) leading to easier

permeability of the mitochondria membrane, which is followed by releasing of

cytochrome c. The loss of cytochrome is associated with ROS generation

within the mitochondria triggering apoptosis. This will be further discussed in

Chapter 4.

Hydrophobicity of bile acids affects their ability to penetrate the cell membrane.

In this chapter, one of interesting questions was whether it was possible to

relate the cytotoxicity of 3α- bile acids and isobile acids and their

hydrophobicity.

In the present set of ten compounds there was a negative correlation (R2=0.66,

n=10) between log P and cell viability (Figure 2.34). It is obvious that DCA,

CDCA are out of trend being significantly more toxic than predicted based on

RMW. In conclusion, the lipophilicity of compounds determined in the RPTLC

showed good correlation with their cytotoxicity effect.
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Figure 2.34- The linear correlation between the lipophilicity and cell
viability of ten bile acid compounds. The coefficient of determination (R2) is
0.66.

RPTLC retention extrapolated to zero organic modifier was predictive of bile

acid toxicity in the Caco-2 cell line and it could be a useful high throughput tool

for cytotoxic bile acid characterisation. There were no significant relationship

between HSA and cell viability, suggesting relative bile acid hydrophobicity

(lipophilicity) is a dependent property that is better predicted using

chromatography. In the following sections, experimental determination of the

relative effects of bile acids and their isomers on FXR is described. The results

could be relevant to understanding the impact of epimerization by colonic

microflora on local and liver level FXR activation. The results may also be

relevant to SAR of FXR activation.

2.5 FXR FRET measurement of isobile acid interactions with FXR

Fluorescence resonance energy transfer (FRET) is a technique used to

understand physical interactions between adjacent protein molecules during a

bimolecular process including in living cells. The mechanism of FRET assay

involves the energy transfer from a donor fluorophore in an excited state to an
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adjacent acceptor fluorophore. The resonance energy transfer measurement

can be used to detect the interaction.

Figure 2.35 shows the mechanism of FRET between two fluorophores

attached to the same protein. The two fluorophores are close together in the

distance of nanometre level. Once the protein undergoes a conformational

change, the two fluorophores become much closer enabling the FRET

interaction. Energy transfer measurements are applied to estimate the

distance between two fluorophores. In Figure 2.37, the blue fluorophore is the

donor and yellow fluorophore is the acceptor. The increasing intensity at the

acceptor and decreasing in the fluorophores emission of the donor will be

detected.

Figure 2.35- The mechanism of Fluorescence resonance energy transfer.
Blue is the donor fluorophore and yellow is the acceptor fluorophore. When the
molecular interaction happens, the donor-acceptor fluorophore become much
closer.

Based on the mechanism of FRET, a general FXR-based bile acid sensor was

reported to help understand intracellular bile acid transport dynamics on single

cell level in real time and it has been used in many biomedical applications [288].

Older techniques applied to understand bile acid transport currently such have

the disadvantage of damaging the samples, being not applicable for imaging in

single cells and have limited time and spatial resolution. The bile acid sensor

(BAS) is good alternative. It allows rapid and simple quantitation of bile acid

influx and efflux of endogenous bile acids and monitoring the transport of
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intracellular metabolites in single living cells. The approach as shown involves

a fusion protein composed of a donor fluorophore (cerulean) and an acceptor

fluorophore (citrine) that link to the FXR LBD and a co-activator peptide

derived from NCoA2, containing a LXXLL motif [289]. The use of this sensor was

demonstrated in cells containing NTCP and OSTα-OSTβ, functioning as an

importer and exporter [290].

Figure 2.36- The components of the FRET bile acid sensor. It is composed
of a FXR ligand binding domain, a donor fluorophore (cerulean, blue), an
acceptor fluorophore (citrine, yellow) and a FXR coactivator peptide with
LXXLL motif.

When bile acids and other FXR ligands bind to the LBD, FXR undergoes a

conformational change and this makes the helix 12 move over and attach to

FXR LBD followed by recruiting a coactivator peptide with the LXXLL motif and

binding the cerulean and citrine fluorophore to close vicinity, leading to a

change in FRET signal. (Figure 2.37).

FXR activation and conformational change leads to alteration in the cerulean:

citrine ratio, which can be detected by average 525/450 nm emission ratio in

real time. In living mammalian cells, usually an increasing average ratio is

observed. This bile acid FRET sensor provides a rapid and simple method to

visualize bile acid transport in living cells in real-time and it has been tested in
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many cell types including U2OS, Huh-7, and HepG2 cell lines that can be

transfected and have a stable phenotype. Besides, it also provides a system

for direct and real-time monitoring of bile acid export in single living cells.

Figure 2.37- Schematic representation the mechanism of BAS upon FXR
activation [290, 291]. Bile acid binding to the LBD of FXR recruits coactivator
peptide (LXXLL motif) close to LBD, which causes the association between
two fluorophore proteins and an increase in FRET. Also shown as ‘FDA drugs’
is the potential to detect drug impact on bile acid export leading to cholestasis
in this context a kind of drug-induced liver injury.

In the present FXR FRET experiments, the emission ratio of cerulean

fluorophore: citrine fluorophore (525/450 nm) was measured in single living

cells, here transfected U2OS cells that lack expression of bile acid transporters,

to quantify the FXR activation upon ligand binding. The choice of U2OS cells is

because they are readily transfectable and do not endogenously express bile

acid proteins. Measurements were performed by Sandra Van de Wiel in the

Graaf lab in Amsterdam. Cells were grown in medium (with FBS or stripped

FBS) and the confluency of cells was around 60–70% before carrying out the

experiments. Bile acid was added at exactly 2 min time point (120 sec) and 5

μM GW4064 was added at 4 min time point (240 sec). GW4064 is a synthetic

high efficacy agonist and it shows the maximal recruitment under the

experimental conditions (a reference for max effect).
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In this research, we screened whether (iso)bile acids act as FXR agonists and

lead to coactivator recruitment. Experiments were firstly carried out in absence

of bile acid transporter NTCP, the bile acid transport protein in the human liver

that mediates uptake from the portal blood. Without NTCP, free bile acids can

cross membrane by passive diffusion in a polarity dependent way (CA and to

an extent UDCA are more slowly diffusing). Conjugated bile acids cannot pass

through the membrane and activate FXR in the absence of a bile acid

transporter. Effects therefore in cells transfected with NTCP can be attributed

to the conjugated bile acids that are imported when it is active.
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Figure 2.38- Real time monitoring of the cerulean: citrine fluorophore
ratio (525/450 nm) without transfected bile acid transporter NTCP. Each
bile acid compound (100 μM) was added at 2 min time point (120 sec). Data
were normalized to the maximum emission ratio, which was determined by
addition of concentration of FXR agonist GW4064 (5 μM) at 4 min time point
(240 sec).

As can be seen from the graphs above, without the presence of NTCP,

isoCDCA shows significant increase in cerulean: citrine emission ratio, even

higher than CDCA indicating it is a stronger agonist [292]. Subsequent

administration of the synthetic FXR agonist GW4064 could not further increase

the emission ratio suggesting the maximum response was already reached by

isoCDCA. In contrast, CDCA pretreated cells still showed increased FRET

after addition of GW4064, indicating submaximal stimulation by CDCA alone.



93

DCA treatment leads to minimal increase of FRET and surprisingly addition of

isoDCA even decreased the emission ratio, suggesting that binding of isoDCA

to the sensor induces conformational changes opposite to alpha bile acid

signaling. Other (iso)bile acids tested have no significant effect in the FRET

assays. The implication of these results is that CDCA and isoCDCA are

agonists in that they are able to cause conformational changes resulting in

recruitment of the coactivator peptide LXXLL and positive FRET. The data

suggest that isoCDCA is a more active agonist or causes a bigger effect at 100

μM than CDCA itself, the endogenous agonist of FXR. The extent of colonic

isoCDCA production therefore is of interest for its effect on FXR activation.

The following set of FRET experiments involved cells transfected with NTCP.

Ten different bile acids were tested in both charcoal stripped FBS and with

FBS. Charcoal stripped FBS is devoid of bile acid; An estimated supernatant

level of 15 μM of conjugated and free bile acids (with glycine and taurine

conjugated CDCA and CA as well as unconjugated UDCA being most

abundant) are present in FBS; In FBS in which the cells are grown, these bile

acids cause partial saturated and constantly stimulating the FXR reporter even

in the absence of additional test bile acid. This mimics aspects of an in vivo

environment. In stripped serum, the background FRET effect is therefore lower

and changes are more easily assigned to the effect of the added isobile acid or

synthetic agonist GW4064.
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Figure 2.39- Real time monitoring of the cerulean: citrine fluorophore
ratio (525/450 nm) with addition of NTCP. Ten bile acids are test in both
stripped FBS and with FBS. Each bile acid compound (100 μM) was added
at 2 min time point (120 sec). Data were normalized to the maximum emission
ratio, which was determined by addition of concentration of FXR agonist
GW4064 (5 μM) at 4 min time point (240 sec).

From the graphs above, with FBS, initial emission ratio of cerulean: citrine of

the sensor at the beginning of an experiment is consistently higher than those

with stripped FBS. This is because in the NTCP cells intracellular bile acids

that are in FBS are enough to partially activate the sensor. In some cases

above, the FRET goes down after treatment of test compounds and this is

because added (iso)bile acids displace the agonists from the serum

suppressing background agonist activation of FXR. They would be functionally

antagonist in this context.

Of the isobile acids synthesized, only isoCDCA is a true agonist as it induces a

positive FRET before treatment with GW4064 indeed only a small increase is
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observed after adding GW4064. In comparison with isoCDCA, CDCA showed

no significant effect in FRET which was surprising because it is generally

regarded as a full agonist.

The remaining bile acids caused marked FRET decrease as they stop serum

agonists from activating the sensor. The transcriptional effect of these

observations was recently studied in Graz University in mice and in liver cell

lines to understand if they are acting as weak agonists or as antagonists.

IsoCDCA was an agonist in cells and in vivo in mice when administered by oral

gavage. The secondary isobile acids were either weak agonists or showed

some ability to antagonize the effect of synthetic agonist.

2.6 FRET-based FXR coactivator recruitment assay

Since the isobile acids had been characterized here in relation to their

interaction with the FXR FRET sensor and shown to exert a range of effects on

gene transcription, we were interested to assess their effect in a commonly

used reporter assay for FXR.

β-Lactamase reporter system that uses the enzyme called TEM-1β-Lactamase
[293]. This is a 29-KDa enzyme encoded by the ampicillin resistance gene which

can be used to cleave the β-lactam ring structure molecules like penicillins and

cephalosporins. The main component in this system is fluorogenic

β-Lactamase substrate CCF2/4 acetoxymethylated form (CCF2/4-AM).

CCF2/4-AM consists of two fluorescent dyes,

7-hydroxycoumarin-3-carboxamide and fluorescein, attached to the 7’ and 3’

positions respectively, bridged by cephalosporin.

β-Lactamase reporter assay was considered to be a robust FRET-based

reporter system which can be compatible with a wide range of commonly used

cell lines. Its mechanism is shown in Figure 2.40 [294, 295].



98

Figure 2.40- Schematic illustration of β-lactamase reporter system for
quantitative measurement of membrane protein surface expression [295,

296]. When CCF2/4-AM enters the cell cytoplasm, it is cleaved by endogenous
esterases into CCF2/4. Exciting of CCF2/4 at 409 nm promotes efficient FRET
from the fluorescent donor and acceptor molecule, resulting in emission
detectable at 520 nm. However, cleavage of β-lactam ring by β-lactamase
separates the two fluorophore molecules, causes a change from green to blue
fluorescence and generates a fluorescence shift from 520 nm to 447 nm.

The FXR-modulating compounds identified from this β-Lactamase FXR-bla

transactivation assay are then characterized as FXR agonists or FXR

antagonists based on their % FXR activity. The assay principle is shown below

in Figure 2.41.
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Figure 2.41- Assay principle of FXR-bla transactivation assay [297]. The
activation of FXR LBD by FXR agonists leads to FRET.

To gain further insights into the regulatory functions of isobile acids with regard

to FXR activity, we assessed the regulation of FXR by 3α bile acids and isobile

acids using the FXR reporter assay. Non division-arrested cells called

FXR-UAS-bla HEK 293T cells were grown in specific media (DMEM high

glucose with GlutaMAXTM). In this FXR agonist assay, cells were grown in

medium (DMEM high glucose with GlutaMAXTM) and the confluency of cells

reaches around 60–70% before carrying out the experiments. Cells were

seeded onto Greiner 384-well plate with black well, clear bottom at a density of

6×105 cells/ml and grew for 5–6 h in a humidified incubator set at 37oC, 5%

CO2 and then a 5X stock of test compounds in assay medium was added. The

agonist assay plate was then incubated for 16 h. CCF4-AM substrate mixture

was loaded into each well in the absence of direct lighting for additional 2 h.

The measurement was carried out at RT from the bottom of the wells, with low

fluorescence background. The fluorescence plate reader was warmed up for

10–15 min before making measurements. The plate reader was set up with

bottom-reader mode with optimal gain and with 5 reads. The blue channel was

measured in the wavelength of 409/460 nm while green channel in 409/530

nm yielding β-lactamase activity as fluorescence emission intensity ratios [298].

The result for both blue and green channel of each well was recorded. Each

experiment was carried out as quadruplicates and repeated three times to get

twelve data points in total for each bile acid. The blue/green ratio was

calculated for each well by dividing the background-subtracted blue emission

values by the background-subtracted green values. The data was further

analyzed in order to get the % agonist activity of each bile acid compound. The

final data are presented in Figure 2.42.
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Figure 2.42- A measurement of % agonist activity of each bile acids.
FXR-UAS-bla HEK 293T cells were seeded onto 396 well plates at a density of
6×105 cells/ml, and then treated with 100 µM bile acid solution for 16 h. Cells
were then treated with CCF4-AM substrate mixture and then incubated for 2 h
in the absence of direct light. The assay was normalised to 0.5 % DMSO
vehicle control and absorbance of each well was read on a VERSAmax
Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) at a specific
wavelength of excitation and emission filter for both blue and green channel.
Ratios were normalized to DMSO-only wells (0.5% v/v DMSO) as 0% FXR
activity. Values are expressed as mean ± SEM of three quadruplicate
experiments, * p<0.05, ** p<0.01, *** p<0.001 as determined by one way
ANOVA with Dunnett’s post-hoc correction.

Among all bile acid compounds, INT-747 (OCA) exhibited the highest % FXR

agonist activity, followed by CDCA. Both of them have been already found as

good FXR agonist and this is as expected from many studies on the effect of

bile acid on FXR. LCA (3α-OH), DCA (3α-OH) and isoCDCA exhibited some

agonist effect on FXR but with a lower efficacy at this concentration and this

corresponds to some findings on the ranking of bile acid FXR agonist potency
[299–301]. 3β-epimers of DCA and LCA activated FXR, although to a much lower

extent than their 3α-epimers [302, 303]. However, UDCA [304] and CA showed
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negative agonist activity (not statistically significant) which was surprising. This

raises the possibility that perhaps they are weak agonists [305] that act primarily

as an antagonist of FXR, for example by preventing bile acids to bind and this

merits further studies on their FXR antagonist effect. IsoDCA has been found

to be an antagonist of FXR [306].

Isobile acids are generally weaker FXR agonists than their 3α-epimers and

they may act as FXR antagonists. Another interesting finding based on the

result above is that decreased FXR induction was seen for 3β-OH bile acids

with a 12-hydroxy group, like isoDCA and isoCA but slightly higher FXR

agonist effect occurred without this group.

Overall, the significant effect of isoCDCA on the FXR FRET assay in the

previous section did not translate into an effect in the lactamase reporter assay

described here that relates to functional transcriptional consequences of FXR

binding. The contradiction may be explained by access or metabolism issues.

Indeed in the collaborator lab in Graz in early 2019 it was discovered that

isoCDCA undergoes epimerization in HepG2 cells into alphaCDCA, the

primary bile acid configuration. It is also possible that isoCDCA binds the site

more strongly and causes coactivator recruitment as observed in the FRET

assay but has lower biochemical efficacy due to the overall shape of the

assembly (antagonist). Besides, another possible explanation for the

discrepancies regarding high FRET activity for isoCDCA and negligible

reporter assay activity could be the difference in incubation time for these

assays: for 16 h for reporter assay while only 1-2 h for FXR FRET assay.

2.7 In vivo mouse studies

The effects of 3α and 3β epimers of different bile acids on FXR activation were

assessed in vitro experiments using different cell-based assays. In order to

further investigate the regulatory functions of isoBAs in regard to FXR activity,

our collaborators assessed FXR regulation by isobile acids comparison to their
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3α epimers in vivo using healthy mice models.

Administration of a single dose of isoBAs alone did not lead to the expression

of FXR target gene in mouse liver or intestine. Co-treatment of secondary

isoBAs with endogenous FXR ligand GW4064 induced the repression of

CYP7A1 and CYP8B1 mRNA expression in the mouse liver and the increase

of FGF15 mRNA expression in the intestine and the effects were stronger

compared to administration of already robust effect of GW4064. This indicates

the robust cooperative effect of isoBAs with GW4064 in FXR activation in vivo.

Treatment with CA leads to increased FGF15 expression and repressed

CYP7A1 levels in mice and same for UDCA and isoUDCA. The repression of

CYP7A1 was even better with isoUDCA than UDCA. Although UDCA binds to

FXR it shows little FXR agonistic activity based on in vitro reporter assay and

in general is not as effective as other 3α bile aids. UDCA was unable to induce

ileal FGF15 without bile acid uptake transporter proteins like ASBT and Ostα

but it is associated with indirect FXR agonist activity in the presence of

endogenous bile acids in liver and intestine.

2.8 Conclusion and future work

Isobile acids are of interest because of their microflora dependent production

in humans and sporadic high concentration in the bowel. These secondary bile

acids are less well characterized than their alpha epimers. This Chapter

sought to help improve characterization through a range of approaches. We

have described an efficient synthetic approach to these materials that allowed

the production and physicochemical characterization of iso -CA, -DCA, -CDCA,

-UDCA and -LCA. Epimerization causes these substances to become more

polar, less toxic than the parent bile acids and therefore epimerisation may be

a mechanism of detoxification. Considering the sinister effects of some

secondary bile acids in the bowel, this could be significant in explaining causes

of sporadic colorectal cancer if there are inter-individual differences in bile acid
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epimerization and detoxification. In the FXR FRET in the Graaf lab, our isobile

acids were shown to be largely inert or antagonist in effect by reducing

signaling caused by serum bile acid. IsoCDCA was identified as a full high

efficacy agonist. However in the lactamase FXR reporter assays isoCDCA and

the other isoBAs were weak agonists or antagonists.

This contradiction may be partly explained by the reported rapid

interconversion of alpha and beta CDCA in HepG2 cells. The impact of this on

CDCA and isoCDCA effects in vivo is subject of ongoing study and referred to

in the appended paper.

Bile acids and bile acid receptors are therapeutic targets for development of

drugs for treating cholestatic liver diseases, fatty liver diseases, diabetes and

obesity. The ongoing development of natural, semi-synthetic and synthetic

compounds that regulate the activity of these bile acid receptors, and of some

other drugs that alter bile acid pool by modulating in the species of gut

microbiota, will exploit this potential. Synthetic approaches to isoBAs and their

physicochemical characterization here will hopefully contribute to this and

explain the effects of theses interesting endogenous products of microflora

metabolism.
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Chapter 3. Synthesis of muribile acids and biological

evaluation of their effect on cytoprotection
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Muricholic acids (MCA) are a group of bile acid compounds that are found in

mice and at a very low concentration in human urine. MCAs are more polar

and hydrophilic than bile acids found in humans as they contain an additional

hydroxyl group at C-6’. Interestingly muribile acids are found in high

concentration in human newborns. This leads some researchers to believe

that MCAs may have a role in human development, and may offer some

potential in the treatment of degenerative disorders later in life. They disappear

from the human circulation in the first months of life. Muribile acids are

challenging to synthesize and not readily available commercially. The work

described in this chapter involves the synthesis of the MCAs and investigation

of their protective effects in liver stem cells. The research work was also

concerned with provision of sufficient quantities of MCAs to research

collaborators in Lund (Sweden) and Graz (Austria). The coordinated aim of our

research is to help to expand our understanding of MCA biochemistry and

therapeutic potential in humans. A brief overview of work to date is provided

here.

3.1 Brief introduction to muribile acids

The discovery of the muribile acid family can be traced back to the 1950s.

Edward Doisy at St. Louis University won the Nobel Prize for his work on the

identification of the 3, 6, 7-trihydroxy bile acids in rats and discovered the

αMCA, βMCA and ωMCA [307]. His student, William Elliott, synthesized these

bile acids and described their chemical properties [308].

In terms of the chemical structure, CDCA (3α, 7β) is the primary mammalian

bile acid from which many of the C24 bile acids are considered to be derived.

The most common modification of CDCA is the additional hydroxylation of the

steroid nucleus. Trihydroxyl- bile acids with hydroxyl groups at C-3’, C-7’, and

one additional site are generated. In mammals, the most common ‘third site’

hydroxylation positions are C-6 (α or β) or C-12 (α). The trihydroxyl bile acid
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with one additional hydroxyl group at C-12 is known as CA; additional hydroxyl

analogues at C-6 are so called muricholic acids (MCA). This hydroxylation

greatly changes the physicochemical properties of bile acids, resulting in a bile

acid pool that is more hydrophilic and less cytotoxic.

Human and mice have remarkably different bile acid pool compositions, with

mice possessing a more hydrophilic bile acid profile [309]. Mice synthesize three

bile acids not found in adult humans. Two of these compounds are synthesized

directly by the mouse, αMCA and βMCA. The third, ωMCA is produced by

oxidation of 6β-hydroxyl of βMCA followed by reduction to 6α-hydroxyl group

by mouse colonic microbiota [310, 311]. Current knowledge about bile acid

metabolism is highly influenced by studies in mice. This is largely due to the

development of mouse models in research due to their advantages of small

size, short gestation period and life span [312]. But there are several major

differences between mice and human bile acid metabolism including as

mentioned hydroxylation at the C-6’ position. CDCA is not metabolized at C-12’

in the rat, instead it is hydroxylated at C-6’ to form α-MCA. A number of other

bile acids are metabolized similarly in the rat, contributing not to 12α-hydroxyl

derivatives, but to the 6-hydroxylated muribile acids via mouse 6β-hydroxylase.

The presence of the 6-OH group protects MCAs from 7-dehydroxylation via

bacterial enzymes in the intestine [313]. Muribile acids have a variety of

interesting potentially therapeutic effects, for example, they have the potential

to reduce infections caused by Clostridium difficile germination [314], which is

considered a leading cause of a debilitating antibiotic-associated colitis.

Based on the findings from the previous chapters, it is interesting that the

therapeutic bile acid, UDCA, which has a hydroxyl group on the β side of the

steroid nucleus, shows less cytotoxicity than most of the naturally occurring

bile acids and reduces tumorigenesis in humans [315]. In humans, UDCA is

generated mainly from CDCA by the gut microbiota via a 2-step process [316].

UDCA is a primary bile acid synthesized in the absence of the gut microbiota
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constituting around 3% of the total bile acid pool in humans [317]. Besides, it

should be emphasized that while the bile acid pool in humans consists mostly

of hydrophobic bile acids, the bile acid pool in mice is predominantly

composed of a large proportion of hydrophilic 6-hydroxylated bile acids,

including all the MCAs (constituting half or more of the bile acid pool [318]). The

presence of these MCAs may help explain why the incidence of colon cancer

is low in mice.

BAs R1 R2 R3

α-MCA α-OH β-OH α-OH

β-MCA α-OH β-OH β-OH

ω-MCA α-OH α-OH β-OH

γ-MCA α-OH α-OH α-OH

Figure 3.1- The structures of four common muribile acids. Muribile acids
are derivatives within a steroid skeleton of 5β-cholanic acid with a C3 α-OH
group and OH groups on C6 and C7 carbons with different orientations.

MCAs are prenol lipids structurally characterized by a bile acid alcohol which

bears three hydroxyl groups (Figure 3.1). αMCA (3α, 6β, 7α) and βMCA (3α,

6β, 7β) being the primary bile acids in mice are well described in the literature.

In mouse liver, most CDCA can be converted to αMCA and βMCA [319]. βMCA

is a principal bile acid biosynthesized by rat and mouse liver. This is usually
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5-fold more abundant than αMCA, mainly due to epimerization of αMCA into

βMCA mediated by intestinal microbiota [320]. βMCA is a natural primary bile

acid in rat and mouse but does not occur in significant amounts in humans.

βMCA is more hydrophilic acid than UDCA because of the presence of a

hydroxyl group in the 6β position of the steroid ring. It has been found that

βMCA is more effective than UDCA in preventing and dissolving cholesterol

gallstones in mice [321]. αMCA is a hydroxylated bile acid found in normal

human urine and in free glycine and taurine conjugated forms detected in

human feces. Natural αMCA and βMCA are powerful inhibitors of cholesterol

absorption in mice [322].

ωMCA (3α, 6α, 7β) is among the most abundant bile acids in the gut content

and feces of male rat [323] but little is known about its role or effects. It is a

secondary bile acid in the rat and mouse, constituting around 20% of total fecal

bile acids of the conventional rat. Anaerobic bacteria in mice and rats can

convert primary bile acid β-MCA into ω-MCA by three strains in a cooperative

way. The conversion of β-MCA into ω-MCA proceeds in two steps: E. lentum

oxidizes the 6β-OH group into 6-oxo group, followed by reduction into 6α-OH

group [310]. Besides, HDCA (3α, 6α), itself can be absorbed from the gut and

converted to ωMCA by the rat liver. The formation of ωMCA play a critical role

in the increase of total bile acid fecal excretion [324]. ωMCA has an interesting

series of effects on host health. It shows promise for treatment of obesity and

hypercholesterolemia in relevant mouse models of disease [325]. The synthesis

and biochemical properties of ωMCA will be discussed in detail in this chapter.

The research described relates to investigations into approaches to its

synthesis for biochemical investigations in this and other labs. In the Gilmer

group there is additional interest in its cytoprotective properties, and some

preliminary studies are described.
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3.2 Biosynthesis of muribile acids

The biosynthesis of human primary bile acids and secondary bile acids has

been explained in detail in Chapter 2. Current knowledge on bile acid

metabolism is largely based on animal studies where the mouse becomes the

preferred model for study [326, 327]. In humans, around 7 mg per day per kg body

weight of cholesterol is converted to bile acids while in mice this figure

increases to 50 mg per day per kg body weight [328, 329]. However, in both

species, cholesterol catabolism to bile acids accounts for a similar overall

fraction of daily cholesterol elimination (approximately 45%). Even so, there

are many differences between mice and humans with respect to bile acid

metabolism. Different types of primary bile acids are synthesized by various

hydroxylases and epimerases, depending on species [330]. The human primary

bile acid pool is composed of about 40% CDCA, 40% CA and 20% DCA [85],

whereas CA (60%) and more hydrophilic MCAs (40%) are the predominant bile

acids in mice [331]. Although primary bile acid synthesis is notably similar

between human and mouse, bile acid composition and pool size in the mouse

liver is strikingly different from humans [332], with LCA as a typical example.

However, LCA is produced from CDCA in both human and mouse large

intestine. LCA is present at only trace levels in mouse liver, perhaps due to the

low concentration of CDCA. LCA is known as a toxic bile acid, however, LCA is

efficiently conjugated in mice, contributing to decreased hepatotoxicity.

Besides, the alternative pathway accounts for very little in terms of overall bile

acid composition in humans, whereas it contributes as much as 50% of bile

acid composition in rodents.

The differences in bile acid and cholesterol metabolism between mice and

human are strongly dependent on the production of MCAs. In mice, several

other bile acids are produced that are not seen in humans. 6β-Hydroxylation

and 7α-epimerization on CDCA lead to the synthesis of αMCA (3α, 6β, 7α) and

UDCA, respectively. As mentioned, UDCA (3α, 7β) is considered as a primary
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bile acid in mice whereas it is a secondary bile acid in humans. At the same

time, βMCA (3α, 6β, 7β) is formed by epimerization at 7α-hydroxyl group of

αMCA. It has been reported recently that the mouse enzyme

sterol-6β-hydroxylase (CYP2C70) is key for the synthesis of MCAs in the

alternative pathway as confirmed by siRNA inhibition studies in primary mouse

hepatocytes bearing recombinant CYP2C70 gene [333]. This gene encoded the

principal enzyme is responsible for the differences in bile acid metabolite

profile between humans and mice [334]. The CYP2C70 gene is necessary for

the formation of αMCA from CDCA as well as βMCA from UDCA in mice [335].

These bile acids are not formed at significant levels in human liver, reflecting

again the remarkable differences between various species in MCA synthesis.

Figure 3.2- The biosynthesis of primary bile acids from cholesterol in the
mouse liver [323]. The classic pathway in mice favors the synthesis of CA and
the alternative pathway is quantitatively significant and favors the production of
MCAs.

CA, αMCA and βMCA are most abundant in mouse liver. More than 95% of

mouse bile acids are taurine conjugated for secretion into bile. The selection of

taurine or glycine for bile acid conjugation is regulated by the BAAT enzyme [336,

337] and the availability of the taurine precursor [338]. The BAAT enzyme is

particularly inefficient at using glycine for conjugating bile acids in mice. The

taurine conjugates of bile acids have been demonstrated to be less cytotoxic
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than glycine conjugated or unconjugated forms. Most of the conjugated bile

acids that pass into the small intestine are reabsorbed. For the fraction

entering the colon, the glycine or taurine moiety is removed by BSH and then

deconjugated bile acids in mice undergoes additional microbial-mediated

reactions, bacterial 7α or 7β-dehydroxylation. The secondary bile acids found

in the mouse intestinal lumen includes DCA, HCA (3α, 6α, 7α) and ωMCA,

which are converted from CA, αMCA and βMCA, respectively. Among these,

the formation of αMCA and βMCA is of only minor quantitative importance as

compared to the 7α-dehydroxylation of CA [339]. The formation of HCA and

ωMCA (3α, 6α, 7β) is via epimerization of the 6β-OH group. HDCA is produced

also through the C-7 dehydroxylation of ωMCA. LCA and ωMCA are secreted

into faeces while other bile acids are reabsorbed and circulated back to mouse

liver [340].

Figure 3.3- The biosynthesis of secondary bile acids from primary bile
acids in the mouse intestine [323]. The secondary bile acids produced in the
mouse are DCA, HCA, ωMCA and HDCA.

To sum up, in mice, the two pathways (classic and alternative pathway)

contribute equally to form a highly hydrophilic bile acid pool containing

approximately 50% of CA and 50% of MCAs, with very little DCA and CDCA
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(see Figure 3.4).

Figure 3.4- Bile acid composition in the human and mouse bile acid pool
[3][341]. Humans and mice have remarkably different bile acid pool compositions.
As the major primary bile acid, human mainly synthesize CA and CDCA,
whereas mice have major CA and 6-hydroxylated MCAs made from CDCA.

MCAs are regulators of bile acid biosynthesis via a positive feedback

mechanism in mice, which is quite different from the negative feedback

mechanism that influences the biosynthetic process in humans [342]. Induction

of CDCA synthesis in mouse liver results in the production of MCAs and UDCA
[343]. With increasing amount of MCAs entering the small intestine, their

intestinal absorption also increases, presumably via both ASBT and

ASBT-independent mechanisms. In the enterocyte, MCAs exert FXR

antagonistic effects, strongly reducing ileal FGF15 expression [342]. This

depresses ASBT expression, which increases bile acid absorption enlarging

the bile acid pool [344]; this pool will be further enriched with different MCAs by

the hepatic conversion of CDCA. At the same time, in the hepatocyte, MCAs

reduce CYP7A1 expression due to its local FXR antagonistic action and

thereby increases hepatic bile acid synthesis. In parallel, reducing FGF15

expression from the gut to the liver may lead to suppression of hepatic

CYP7A1 expression.
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Muribile acids only exist in infant humans and then disappear from the

circulation in the early stages of life because of colonization of the bowel by

bacteria. Bacterial colonization starts in intrauterine life and increases during

birth and the first days of life [345, 346].

The biosynthesis of muribile acids in human neonates may have a role in

protecting the fetal liver against bile acid toxicity by reducing overall

hydrophobicity while other detoxification pathways are under-developed [347]. In

early neonatal development, an alternative (acidic) synthesis pathway is the

major route for bile acid synthesis due to lack of CYP7A1 enzyme [348–350]. This

enzyme is negatively correlated with MCA levels in human neonates [351, 352]. In

this stage of human development, the presence of the CYP2C70 gene makes

it possible for synthesis of MCAs to occur in humans [353] because the

CYP2C70 gene leads to the formation of muribile acids from (conjugated)

CDCA.

MCAs may offer therapeutic potential in some health conditions. For example,

they are reported to reduce the absorption of cholesterol. Production of

significant amounts of MCAs by human intestine and liver would contribute to

beneficial metabolic effects such as reduced body weight, reduced liver lipids

and improved insulin sensitivity. It has recently been found that increased

conversion from conjugated CDCA to MCAs may be beneficial in the

development and treatment of cholestasis and NASH [354]. βMCA is possibly

available for NAFLD treatment by influencing bile acid and lipid homeostasis
[355].

3.3 Chemistry of ωMCA

ωMCA (3α, 6α, 7β) is most abundant in the feces of male rats, and it is

transformed from β-MCA by 6α-epimerization. While ωMCA is of considerable

interest in this field of research, it is in short supply. The most complete set of

synthetic procedures for production of ωMCA were early devised by the Toshio
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group (Japan) in 1989 [356, 357].

ωMCA with an axial-equatorial cis glycol structure can be synthesized from

naturally occurring bile acids. CDCA (3α, 7α) is an excellent starting material

as its structure resembles the final product distinguished only by the C-6

hydroxyl group and CDCA is in abundant supply. Furthermore, it has

previously been demonstrated that the administration of CDCA to mice

promotes the formation of MCAs and CDCA should be at least one substrate

for the formation of MCAs [320]. However, in the synthesis of muribile acids,

problems arise around the introduction of the α-hydroxyl group at C-6’ and how

to convert 7α-OH into its 7β epimer.

The earliest synthesis of muribile acids was achieved by enzymes, in work

reported by an Italian group [358]. In their work, selective oxidation and

reduction of 7-hydroxyl bile acids was catalyzed by specific HSDHs in biphasic

media. They found the regioselective oxidation of 7α-OH and following

stereoselective reduction of the 7-keto group can afford muribile acids in high

yields (Scheme 3.1).

Scheme 3.1- The earliest published synthetic mechanism for producing
muribile acids through enzyme catalysts [358]. The oxidation of 7-hydroxyl
bile acids was catalyzed by the 7α-HSDHs, while the reduction was catalyzed
by the NADP-dependent 7β-HSDHs (cofactor regenerated by the
glucose-glucose dehydrogenase system). Here R1 and R2 represent H or OH,
depending on bile acid species)

Afterwards, based on the idea of oxidation and subsequent reduction at C-7’

position, Toshio’s group started their ongoing program that leads to the

synthesis of a complete set of all muribile acids [359]. ωMCA was prepared from
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the CDCA through a series of steps to give 3α, 6α-dihydroxyl-7-oxo ester as

the intermediate (shown in Scheme 3.2). It is the monohydroxylated form of

CDCA. This intermediate compound was synthesized from CDCA via

potassium chromate oxidation and subsequent bromination. Then the

intermediate was further disilylated at C-3’ and C-6’ with the use of

tert-butyl-dimethylsilyl chloride and the resulting ester was readily hydrolyzed.

Finally, the hydrolyzed carboxylic acid was reduced by metal potassium in

tert-amyl alcohol to afford the desired product after cleavage of the

t-butyldimethylsilyl ether linkage.

Scheme 3.2- The synthetic route for the synthesis of ω-MCA from CDCA
by Toshio’s group [357].
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The synthetic approach seems inefficient because of the number of steps

involved and the low overall reported yield (only 37% from the intermediate 3α,

6α-dihydroxyl-7-oxo ester). In 2013, a Korean research group reported the

synthesis of αMCA, involving a nine step synthetic route from CDCA with an

overall yield of 26%. They provided a viable synthetic route to produce high

levels of high quality MCAs that afford these materials (shown in Scheme 3.3)
[360]. In their study, the C-3’ hydroxyl group was protected by an acetylation

protecting group resulting in a significant improvement in yield.

The starting material CDCA underwent esterification at C-24’, selective

oxidation using NBS in aqueous sodium bicarbonate and subsequent

bromination at C-6’ to generate 3α-acetoxy, 6α-bromo-7-oxo-5β-cholanoate.

This was subjected to conditions that caused elimination with treatment of zinc

powder in acetic acid to provide 3α-acetoxy-5β-chol-6-enoate, which was then

treated with 3-chloroperbenzoic acid in 1, 2-dichloroethane to afford

3α-acetoxy-6α, 7α-epoxide. The αMCA could be synthesized in a reasonable

yield through reacting 6α, 7α-epoxide with boron trifluoride methyl etherate in

DMF to give 3α-acetoxy-6β, 7α-dihydroxy-5-cholanoate which was finally

hydrolyzed with 10% methanolic potassium hydroxide.

Scheme 3.3- The synthetic route for the synthesis of α-MCA from CDCA
by Korean group [360].
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Based on the synthetic strategies from previous work, we focused on

designing a simpler and higher-yield synthetic approach for making ω-MCA in

order to support further research on synthetic routes and support our

collaborating research groups in the area of bile acid biology.

Scheme 3.4 below shows our synthetic strategy to produce ω-MCA and γMCA

in the current work. These routes involved the selective introduction of the

acetate protecting group at position C-3’, PCC oxidation of the hydroxyl group

to keto at C-7’, bromination at C-6’ making 6α-bromo derivatives followed by

substitution to yield 6α-OH and the final selective reduction of 7-keto with

NaBH4.

ωMCA 56 γMCA 55



118

Scheme 3.4- The synthetic route for the synthesis of ωMCA 56 and γMCA
55 from CDCA. ωMCA was prepared in a sequence of six reaction steps from
CDCA and in comparable yields (32%) compared with previous reports. This
represents an improvement over previous published synthesis routes. The
final yield could be improved by stereoselective reduction.

3.3.1 Selective protection of CDCA

This synthetic route begins with the protection of the carboxylic acid at C-24’

and hydroxyl group at C-3’. The most efficient way to protect carboxylic acid is

to form the ester linkage. The formation of methyl ester was carried out in

MeOH by adding half eqv. of 37% HCl at reflux. After overnight reaction TLC

showed the full conversion to methyl ester. The product 50 appeared with a

higher Rf value on TLC plate (hexane: EtOAc=1:2). After workup, the CDCA

methyl ester 50 was obtained as a white powder in high yield (97%).

Scheme 3.5- Selective protection of CDCA at C-3’ and C-24’ position.
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The selective protection of the 3α-OH required appropriate experimental

condition in order to achieve regioselectivity. Selective protection of 3α-position

was achieved by using Ac2O in dry pyridine. The reaction was stopped by

adding 1 ml MeOH after 16 h to prevent further acetylation at C-7’ position. The

formation of 51 was followed by TLC analysis using hexane: EtOAc=3:1 as the

mobile phase. When the reaction finished, the crude product containing

monoacetate and trace diacetate was purified by flash column

chromatography to yield product 51 as a white foam (86%).

3.3.2 PCC oxidation of the CDCA 7-OH

After successful protection of CDCA at position C-3’, an oxidation reaction was

conducted to convert 7α-OH into 7-oxo with PCC. Compound 51 was

dissolved in dry DCM and PCC was added 3 times over one hour at r.t. with

subsequent stirring for 4 h. TLC showed the full conversion of compound 51.

The TLC plate was developed in hexane: EtOAc= 3:1 with vanillin solution

used for detection. After workup, compound 52 was recovered as a white foam

with 98%-99% yield.

Scheme 3.6- Oxidation of 51 with PCC.

3.3.3 Bromination at C-6’ position

The most critical stage in this synthetic route was the introduction of a 6α-OH

to the steroid ring. In the bromination of 7-keto-steroids, it has been known that

the bromine atom entered the position of C6 [361]. The bromination of compound

52 in acetic acid containing 48% hydrobromic acid was attempted at RT by
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dropwise addition of bromine. The reaction proceeded for overnight. A mixture

of two isomers of 6-bromo-7-oxo could be detected on TLC (hexane: EtOAc=

4:1 with vanillin solution). The 6-bromo-7-keto is a secondary alkyl bromide

which should follow SN1 mechanism on substitution, which means it would

give two isomers (the ratio of two isomers is quantified by the integration of the

signals on NMR) [362]. Column chromatography was not necessary in this step

as the next step will produce two isomers as well.

Scheme 3.7- Bromination of 52.

3.3.4 Alkaline hydrolysis to obtain 3α, 6α-dihydroxyl-7-ketoetiocholanate

54.

KOH pellets were ground into powder and added to a stirred suspension of two

6-bromo-7-keto isomers in dry methanol. The mixture was stirred at RT

overnight under N2. The mixture turned brown after adding KOH. A mixture of

what transpired to be desired product 54 and trace side product 3α,

6β-dihydroxyl-7-ketoetiocholanate could be detected on TLC plate. After

workup and column chromatography (hexane: EtOAc= 1:3), 54 was recovered

with 91% yield. The NMR of the major spot on TLC is shown in Figure 3.5

below.



121

PROTON_CDCA 017.ESP

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
Chemical Shift (ppm)

0

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55
N

or
m

al
iz

ed
 In

te
ns

ity

2.452.783.932.8310.163.492.282.022.011.183.000.73

M01: 4.51 ppm; d; J=6.2; 1H

4.
52

4.
51

4.
15 4.

13
4.

11
4.

09

3.
67

3.
58

3.
57

3.
36

3.
22

2.
41

2.
40 2.

38
2.

36
2.

26 2.
24 2.
22

2.
20

2.
04

1.
99 1.
82 1.
57 1.
55

1.
54

1.
52

1.
48 1.
28

1.
26

1.
23

1.
22

1.
14

1.
12 0.
94

0.
93

0.
92

0.
81

0.
78

0.
69 0.

67
0.

66
0.

65

Figure 3.5- The NMR of 3α, 6α-dihydroxyl-7-ketoetiocholanate 54.

Next it was necessary to distinguish between the 6α-OH isomer from NMR.

The CH of the 6α-OH isomer is equatorial, and its dihedral angle to the 5β-H is

large (over 90°), whereas the CH of the 6β-OH isomer is axial and it is near to

being co-planar with 5β-H with the dihedral angel around 0°. Based on the

Karplus equation/Karplus graph, J value= 6.2 Hz in the NMR looks consistent

with a large angle of perhaps 130° in the 3D modelling of the alpha compound,

whereas a very small angle would have J value around 10 Hz. Therefore, the

major product obtained was assigned as 3α,

6α-dihydroxyl-7-ketoetiocholanate 54.
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Scheme 3.8- Alkaline hydrolysis of 53 with KOH/MeOH in inert condition.
This method yields two different isomers, with compound 54 the main product.

3.3.5 Reduction of compound 54 with NaBH4

As discussed in Chapter 2, there are many reducing agents described in the

literature that can achieve reduction of steroidal 7-ketones. NaBH4 is the

cheapest and most useful in this case. Reduction of the 7-oxo with NaBH4 was

quite feasible. Compound 54 was dissolved in a MeOH-THF mixture at 0°C

and then NaBH4 was added with stirring for 30 min and the reaction was kept

under RT overnight. TLC analysis showed the disappearance of starting

material and formation of two different isomers after 24 h. After the work up,

the crude product was purified by flash chromatography to give

3α,6α,7β-trihydroxy acid (ω-MCA, 32%) and 3α,6α,7α-trihydroxy acid (γ-MCA,

45%). Some of the final product got lost in the aqueous phase during the

aqueous workup due to high product polarity.
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Scheme 3.9- NaBH4 reduction to yield two final muricholic acids, ω-MCA
and γ-MCA.

Both ω-MCA and γ-MCA are produced after nonselective NaBH4 reduction and

they were characterized with NMR. As can be seen from two NMR spectra

below, the isomers show high similarity. A double-doublet at 5.10 ppm for both

arises from the 6α-OH. A multiplet at 4.58 ppm is due to the 3α-OH. The main

difference between them is that there is a singlet peak at 3.90 ppm (Panel A)

and a triplet peak at 5.21 ppm (Panel B). The spectra have been assigned

based on the chemical shifts of the alpha and beta protons at C-7’ in γMCA

and ωMCA respectively.
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(A)

(B)
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(C)

Figure 3.6- Panel A represents the NMR of ω-MCA (3α, 6α, 7β) and panel
B is assigned to γ-MCA (3α, 6α, 7α). Panel C is the inset of 3.5-5.5 ppm of
two spectrum.

The final yield for both MCAs was higher than that reported by the Toshie

group. The yield of ω-MCA could in principle be further improved by applying

L-selectride reduction in the final step to achieve better stereoselectivity.

Based on the conclusion from Chapter 2, L-selectride reduction produces

predominately bile acids with an axial hydroxyl group, ω-MCA in this case.

Future work could focus on further chemical optimization of the synthetic

process to improve yields in the final step and overall yield and provide optimal

quantities of this valuable material for further biological studies.

3.4 Cytoprotective effect of muribile acids

Bile acids with hydrophobic properties are known to cause cytotoxicity due in

part to their amphilicity and related membrane activity and detergent effects
[363]. On the other hand, hydrophilic bile acids such as UDCA have been found

to exert therapeutic effects partly attributable to a blockade of cytotoxic

hydrophobic bile acids [364, 365]. It is well known that cytoprotective and cytotoxic

properties of bile acids correlate well with hydrophilicity and hydrophobicity,
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respectively. CA, hyocholic acid and even the hydrophobic CDCA exhibit

cytoprotection against DCA induced cytotoxicity [366]. It is likely that the

cytotoxicity of the hydrophobic bile acids is reduced by a lower concentration

of more hydrophilic bile acids under certain circumstances, but the precise

mechanism of this cytoprotection needs to be further investigated.

Submillimolar concentrations of cytotoxic bile acids (such as DCA) may induce

cell death via apoptosis as they disrupt the ordering of the membrane [367]. DCA

is known to cause DNA fragmentation, oxidative stress, Golgi fragmentation

and apoptosis [368] and pretreatment with UDCA and TUDCA inhibits DCA

induced apoptosis and Golgi fragmentation in colon cancer cells [369]. UDCA

and its taurine conjugate TUDCA have been found to diminish the overall

toxicity in biological and animal studies and they exhibit choleretic and

cytoprotective properties in vivo and in vitro. Although the exact mechanism of

cytoprotection is not entirely clear (see below), their effect seems to be

achieved by blocking the interaction of Bcl-2-associated X protein, Bax, which

plays a key role in apoptosis (detail will be discussed in Chapter 4) [370].

Besides, DCA increases the overall hydrophobicity of the bile acid pool,

decreases hepatic insulin signaling and increases ER stress signaling. It has

been found that cholestasis promotes ER stress in the liver. The ER is an

important intracellular site for the synthesis of secretory and membrane

proteins, modulating their folding, transport and degradation, while ER stress

is associated with the improper protein folding and the accumulation of

misfolded proteins. The accumulation of these proteins is harmful to cells. Bile

acids can modulate ER stress and in turn induction of ER stress suppresses

bile acid synthesis and ER stress is an important factor in the development of

obesity-related inflammation, insulin sensitivity and type 2 diabetes and

involved in a wide range of hepatic diseases including cholestatic liver

diseases. Hydrophilic bile acid subtypes, such as TUDCA, have been shown to

improve insulin sensitivity by decreasing ER stress [371]. UDCA alleviates ER
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stress by improving intracellular osmotic balance and glucose homeostasis [372].

These observations suggest that bile acid hydrophobicity influences ER

homeostasis regulation. Recent studies found that TαMCA, a rodent specific

bile acid, has a potential to lower ER stress level, similar to TUDCA [373]. These

observations aroused our interest in further investigation on the cytoprotection

effect of muribile acids and their therapeutic use.

It has been found that TUDCA and TβMCA exert cytoprotective effects against

DCA or CDCA induced toxicity because of their optimal hydrophilicity [374] and

these cytoprotective bile acids have no harmful effect towards membrane

properties [375]. In addition, βMCA and its conjugates can prevent liver damage,

cholestasis caused by cytotoxic bile acids [376, 377]. Muribile acids are found to

be even more hydrophilic than UDCA and TUDCA the question arises; will

these more hydrophilic muribile acids reduce ER stress and exhibit possible

cytoprotective effects.

The objective of this work was to determine the cytoprotective effect of

synthesized muribile acids, at physiologically relevant concentrations. Briefly,

liver cells of human origin were pretreated with the muribile acids before

addition of cytotoxic bile acids.

In order to study the cytoprotective property of the muribile acids, the Alamar

Blue assay method was used to determine the % cell viability here. The Alamar

Blue assay is a fluorometric method for detection of mitochondrial activities of

cells ranging from bacteria to mammalian cells and it is a simple, reliable,

stable and nontoxic method working on both attached and suspended cells [378].

Moreover, cells are not destroyed during the test procedure. Mainly for these

reasons, the Alamar Blue assay is considered superior to many classic tests

for determining % cell viability such as the MTT test [379].

The interpretation of results requires some care and insight into their

biochemical meaning. The application of the Alamar Blue assay approach here
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is in the context of many studies carefully characterize the effects of bile acids

in the biologically relevant concentrations. Cells were harvested in log phase of

growth and cell counting was done to optimize the cell density into 1×104

cells/ml. Cells were then pretreated with 200 µM muribile acids for 24 h before

adding cytotoxic bile acid, DCA, in this case in order to compare the difference

with treating only with muribile acids or DCA over the same period. Stock

solutions of the different bile acid compounds were prepared in DMSO and

these were diluted to 200 µM with supplement free medium. The % cell viability

was measured after incubating for 48 h and it was calculated versus vehicle

treated control, which was treated with same amount of DMSO (1%). Each

experiment was carried out in triplicate and repeated three times to get nine

data points in total for each test solution. The data are presented in Figure 3.7.

Figure 3.7- A measurement of toxicity of different bile acids with Alamar
Blue assay method. Huh-7 cells were seeded onto 96 well plate at a density
of 1×105 cells/ml, and then treated with muribile acids at 200 µM for 48 h. Cells
were then treated with 10 µl Alamar Blue reagent in an amount equal to 10% of
the volume in the well and incubated for 2 h in the dark. The assay was
normalised to 1% DMSO vehicle control and absorbance of each well was
read on a VERSAmax Microplate Reader (Molecular Devices, Sunnyvale, CA,
USA) with excitation wavelength at 530–560 nm and emission wavelength at
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590 nm. Values are expressed as mean ± SEM of three triplicate experiments,
* p<0.05, ** p<0.01, *** p<0.001 as determined by one way ANOVA with
Tucky’s post test.

Results of this assay were consistent with our previous experience with DCA.

Treatment at 200 µM resulted in around 40% cell death in Huh-7 cell cultures.

Muribile acids themselves do not exhibit significant toxicity towards Huh-7 cells

after incubating for 48 h consistent with their hydrophilicity. Indeed their toxicity

is even lower than hydrophilic UDCA, which is established as a cytoprotective

agent. Pretreatment with muribile acids (200 µM) for 24 h significantly reduced

cell death caused by DCA. At 200 µM ωMCA completely protected cells from

loss of viability in response to 24 h DCA 200 µM treatment and γMCA had

some effect in cell protection towards Huh-7 cells. The data indicate that

pretreatment of cells with muribile acids particularly ωMCA is cytoprotective

against cytotoxic bile acid insult.

These results indicate that ωMCA has efficient cytoprotective effects against

DCA-induced cell death. Its superiority of the beta isomer is consistent with the

observations of UDCA and TUDCA that have been examined by Gilmer’s

group. Both UDCA and TUDCA contain a 7β-hydroxyl group suggesting that

this is important for cytoprotection. Although the cytoprotective properties of

muribile acids have been found against DCA insult, the nature of their

protective effect is still unclear. Further work carried out to explore the

mechanistic basis for the cytoprotection by ωMCA is described below.

3.5 Mechanism of cytoprotective effect of ωMCA

The cytoprotective effect of UDCA and TUDCA has been recognised for many

years and continues to be extensively investigated. One of the preferred

explanations is that they counteract ER stress. As described earlier, this is a

form of cellular stress associated with the overwhelming of protein folding

machinery. It can be simulated in vitro by treating cells with DCA or with
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tunicamycin (TM). As seen already DCA can induce cell death and this is partly

due to prolonged ER stress. TM also induces cell death through ER stress.

Figure 3.8- Chemical structure of TM [380]. TM is a nucleoside antibiotic
complex isolated from Streptomyces lysosuperificus. Its activity is attributed to
a mixture of compounds, each of which contains one mole of fatty acid with
various carbon chain lengths. TM blocks the N-linked glycosylation of proteins
and DNA synthesis, commonly used in inducing the unfolded protein response
(UPR) [381, 382], a group of signal transduction pathways responding to ER
stress.

TM, a naturally occurring antibiotic, interferes with protein N-linked

glycosylation causing proteins to be incorrectly folded in eukaryotic cells and

directly leading to ER stress, a key disease driver [383]. ER is the site of protein

synthesis and folding found in all eukaryotes. ER stress is caused by an

imbalance between the demand for protein folding and the capacity of the ER

for protein folding. In persistent ER stress, cells undergo apoptosis. As an

inducer of ER stress, TM causes apoptosis in liver cells [384] (Figure 3.9).

https://en.wikipedia.org/wiki/Glycosylation
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Figure 3.9- Model of TM-induced ER stress [385]. TM causes accumulation of
unfolded proteins in the ER inducing UPR in the cell. This is followed by the
induction of CHOP protein, which provokes cell death via different pathways.
CHOP is a proapoptotic factor that provokes programmed cell death via
apoptosis.

Since ωMCA reduces the extent of apoptosis induced by DCA we tested its

ability to protect Huh-7 cells from apoptosis caused by TM. As shown in Figure

3.10, TM induced around 60% cell death in Huh-7 cells when they were

exposed to it at 5 µM. When the cells were co-incubated with ωMCA,

substantial cytoprotection was observed and cell viability was restored.
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Figure 3.10- Measurement of cytoprotective effect caused by ωMCA and
SRC inhibitor PP2. Huh-7 cells were seeded onto 96 well plates at a density
of 1×104 cells/ml, and then treated with PP2 at 10 µM for 3 h before
co-incubation with ωMCA at 200 µM and TM at 5 µM for 8 h. Cells were then
treated with 10 µl Alamar Blue reagent in an amount equal to 10% of the
volume in the well and incubated for 2 h in the dark. The assay was normalised
to 1% DMSO vehicle control and absorbance of each well was read on a
VERSAmax Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) with
excitation wavelength at 530–560 nm and emission wavelength at 590 nm.
Values are expressed as mean ± SEM of three triplicate experiments, * p<0.05,
** p<0.01, *** p<0.001 as determined by one way ANOVA with Tucky’s post
test.

Further mechanistic studies were performed by Dr Nadhim Hante in the Gilmer

lab. Cytoprotection by UDCA and TUDCA is speculated to be due to activation

of cell surface integrin receptors that trigger activation of FAK and SRC

proteins. SRC, a non-receptor protein tyrosine kinase, localizes to cellular

membranes, in particular the plasma membrane (Figure 3.11). It plays an

important role in regulating signal transduction by cell surface receptors and is

involved in numerous essential functions to maintain cellular homeostasis such

as regulation of cellular migration, proliferation, adhesion and survival, and

other fundamental cellular processes. Nadhim had shown that TUDCA is

unable to express its cytoprotective effect against TM when the members of

the network of proteins related to integrin αVβ1 are inhibited. This includes

SRC proteins that are directly downstream of the integrins. Inhibition of SRC

proteins by PP2 diminishes TUDCA protective effects against apoptotic insult

by TM.
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Figure 3.11- SRC as a cell surface signal integrator in cell survival and
growth [386]. SRC binds to growth factor receptors on the cell membrane and
focal-adhesion kinase (FAK) to integrins and they bind to each other. SRC
binding to growth factor receptors is generally considered to be important and
it involves in adhesion regulation, as well as in growth and survival signaling.

We speculate, that like TUDCA, the polar muribile acid stimulate the cell

surface integrin or other growth factor receptors. This leads to increased cell

survival signaling that is able to overcome the apoptotic effect of TM. When the

SRC inhibitor PP2 is present, ωMCA is not as protective. This is consistent

with ωMCA stimulating SRC directly or more likely, indirectly, through integrins

or growth factor receptors.

3.6 Conclusion and future work

Hydroxylation at the C-6 position of the bile acid changes the polarity of bile

acids, making compounds more hydrophilic and water soluble. This decreases

their cytotoxicity, a feature that is consistent with their presence in human

neonates where liver detoxification processes are underdeveloped and prone

to significant ER stress. Murible acids are interesting substances but are

inaccessible and expensive.
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This work has provided some improvements to the synthesis of key muribile

acids and valuable observations in relation to their in vitro cytoprotective

potential. With assistance from the Gilmer group, it was also shown that

protection by muribile acids involves SRC protein and in this respect, their

protective mechanisms may be some commonality with UDCA/TUDCA. For

future work, the biochemical properties of the compounds in the series will be

further characterised and the cytoprotective effects further investigated. The

new synthetic approaches exemplified in this work will improve accessibility

and availability of the compounds, potentially supporting their therapeutic

developments in indications such as NASH and other liver diseases where ER

stress and/or cell death plays a significant role.
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Chapter 4. Toxic bile acid analogues related to UDCA
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Studies over the past two decades have provided a better understanding of the

mechanisms underlying the cytotoxic and the beneficial effects of bile acids.

Exposure to bile acids at high concentrations primarily causes cell death. Bile

acids are generally toxic to cells though cytotoxicity is influenced by bile acid

structure and their degree of hydroxylation and conjugation. This chapter

focuses on the amplification of bile acid toxicity through a series of synthetic

and biomedical studies involving structurally modified bile acids.

The mechanism of bile acid-induced cell death is incompletely understood. It

appears to relate to the generation of ROS within cells. Bile acids are

amphipathic compounds sometimes described as facially amphipathic as they

have both hydrophilic and hydrophobic faces. The facial amphilicity of bile

acids enable them to promote detachment of the phospholipids and proteins

within biological membranes in the concentration 1–10 mM. This leads to the

disruption of cell membrane. The permeability of the cell membrane increases

greatly and this causes cell death. Lower concentrations of bile acids promote

cell death through apoptotic pathways while high concentration of bile acids

induce cellular necrosis. Again there is a strong structural dependence with

hydrophilic bile acids such as CA and UDCA being least cytotoxic, though even

these so-called non-toxic bile acids are still capable of inducing apoptosis and

necrosis. It is important to improve our understanding of bile acid toxicity

because of its contribution to disease– intestinal carcinogenicity and

hepatoxicity in cholestasis in particular.

4.1 Introduction
4.1.1 ROS

ROS, defined as oxygen-containing reactive chemical species, is a byproduct

of aerobic metabolism. The main members of ROS family include non-radical

ROS like H2O2 and free radical ROS like O•−
2, OH•. Free radical ROS is highly

active because of the unpaired free radicals [387]. ROS has long been
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associated with the cancer treatment as high intracellular concentrations of

ROS cause cancer cell apoptosis [532]. Generating ROS provides a mechanistic

basis that is common in non-surgical therapeutic interventions in many cancer

treatments.

ROS may arise from exogenous sources or within cells. The majority of ROS

species are generated inside the mitochondria. ROS is converted from

superoxide (O2•–), which results from the reactions between electrons leaking

from the mitochondrial respiratory chain and oxygen. ROS has various

biological functions including modulating cell proliferation, differentiation,

survival and death [388]. It controls many signal transduction pathways by

modifying the protein structures and is involved in signaling cell growth. ROS

species also regulate enzyme activity and change the functions of many

biological molecules by causing oxidative modifications. Short term responses

to ROS protect cells by adjusting gene expression to prevent harmful effects

and even inhibits apoptosis via activating NF-κB signaling. However, long-term

exposure to elevated levels of intracellular ROS has detrimental effects. While

a slight increase of the ROS level only causes short-period cellular alteration

while a significant increase of ROS results in oxidative DNA damage including

mismatch DNA repair within the p53 gene for example. Such oxidative DNA

damage may result in cell death via the induction of apoptosis or necrosis. The

accumulation of DNA mutations associated with protracted exposure to ROS

and increases the risk of progression to cancer. ROS generation is a common

feature associated with all phases of carcinogenesis including initiation,

promotion, and progression. In the meantime, ROS damages various cellular

biological macromolecules such as lipids, cellular proteins and DNA [389], if they

accumulate to threshold concentrations. The diversity of molecular damage to

key cellular components may lead to cell cycle arrest, replication error and

genetic instabilities, all of which are associated with the development of

cancer.



138

Excessive intracellular ROS levels are toxic to cancer cells. Elevated

intracellular oxidative stress leading to a lethal accumulation of ROS induced

DNA and other molecular damage can arise via exogenous agents such as

ionizing radiation. This is the principle underpinning the targeted delivery of

radiological cancer therapies. The selective induction of lethal levels of

intracellular ROS species via directed ionizing radiation therapy can kill cancer

cells while, reducing damage to adjacent normal cells [390].

Oxidative stress is an important trigger of cell death and has been associated

with the development of cholestatic liver injury. Bile acids have been proved to

promote the generation of ROS in different cell lines. Retention of hydrophobic

bile acids inside hepatocytes disrupts cell membrane through their detergent

properties and helps the generation of ROS in hepatic mitochondria. This is

considered a major cause of liver disease [391] and cancer development. Bile

acids induced apoptosis results from the oxidative stress with increasing ROS

level. Bile acids are likely to generate ROS from multiple sources. Another

source of ROS production is bile acid induced damage to mitochondria which

causes the electron transport chain to withdraw one electron from O2 to form

superoxide. This is typically involves activating plasma membrane enzyme,

such as NADPH oxidases.

Synthesizing bile acid compounds which can generate ROS and increase

ROS levels in cancer cells directly or indirectly via ROS mediated cytotoxic

molecules, is an important focus of this chapter. One mechanism involves the

reaction of ROS with the free radical nitric oxide to produce peroxynitrite

(ONOO-). Peroxynitrite is very toxic and oxidizes a wide variety of cellular

macromolecules, including DNA and proteins (Figure 4.1) [392]. This is an

oxidizing and nitrating molecule that has been associated with cancer and

other acute diseases.
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Figure 4.1- The mechanism of generating peroxynitrite inside cells. It is
generated by the interaction between nitric oxide (NO•) and superoxide (O2•-)
[393].

Mitochondria are the major site of ROS production in mammalian cells. A

significant quantity of mitochondrial ROS generation takes place at the

electron transport chain (ETC) [394]. Mutations in mitochondrial genes encoding

components of the electron transport chain can result in increasing ROS levels.

Accumulation of ROS in the mitochondria, whether from mutations or the

influence of bile acids, promotes the opening of the mitochondrial permeability

transition pore (MPTP) in the inner mitochondrial membrane and subsequent

matrix swelling and outer membrane fracture. This is followed by the release of

the apoptotic signaling molecule cytochrome c (a terminal oxidase component

of the ETC) [395, 396]. The mechanism is shown in Figure 4.2.
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Figure 4.2- The mechanism of hydrophobic bile acids in generating ROS
and causing cell apoptosis [397].

Hydrophobic bile acids contribute to the activation of caspase-8 and Bid (a

pro-apoptotic protein in the Bcl-2 family essential for death receptor-mediated

apoptosis) dissolution. Bid permeates the mitochondria and opens MPTP

resulting in the release of factors such as the apoptosis-initiating factor and

cytochrome c [398]. MPTP is a non-specific channel formed by proteins inside or

outside mitochondrial membranes. Hydrophobic bile acids stimulate Bax, a

death-promoting and pro-apoptotic protein in the Bcl-2 family. Bax also exerts

an enhanced permeability or a perforation effect, within the outer membrane of

the mitochondria. When Bax enters the mitochondria, it triggers the release of

proapoptotic factor cytochrome c into the cytosol [399–401]. Cytochrome c

interrupts the normal electron current produced by electronic transport

respiratory complexes I and III, which contributes to electron leak. These

electrons bind directly to oxygen atoms and increase the generation of

superoxide. Activation of MPTP leads to the increased level of ROS and
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accumulation of ROS subsequently promotes the MPTP, amplifying the levels

of ROS within the mitochondria, leading to mitochondrial fragmentation. Thus,

bile acid cytotoxicity is associated with the generation of ROS [402] and

inhibition of MPTP prevents bile acid-induced hepatocyte cytotoxicity. A

feedback loop forms as shown in Figure 4.3.

Figure 4.3- The feedback loop of hydrophobic bile acids in opening MPTP
and increasing ROS [33].

4.1.2 Toxic bile acid apoptosis pathways

Apoptosis is highly regulated mechanism of controlling cell death which is

considered a program of cell suicide. Apoptosis is an indispensable part of

embryonic development. The ‘sculpture’ of fingers and toes in a developing

human embryo is a typical example of the value of apoptosis. Studies on

apoptosis greatly increased from the early 1990s. Apoptosis is the key process

for the elimination of damaged cells and maintenance of the homeostatic

control of cell number [404, 405]. It plays a vital role in immune regulation and
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tissue homeostasis. Importantly, apoptosis is involved in many pathological

conditions, influencing a large variety of tissues including heart, liver, kidney,

and the central nervous system. Activation of apoptosis in tumor cells leads to

the elimination of cancer cells. However, apoptotic cells undergo a wide variety

of biochemical events, including the loss of mitochondrial membrane potential,

protein cleavage and DNA fragmentation [406]. Excessive apoptosis, that may

be triggered by free radical insult can lead to uncontrolled cellular responses,

including a variety of metabolic syndrome [464] including obesity and

neurodegenerative diseases (Alzheimer's disease).

Exposure to high physiological levels of bile acids induces apoptosis. The

intrinsic toxicity is linked to the hydrophobicity of bile acids. Hydrophobic bile

acids solubilize lipids on the cell membrane causing cell membrane damage.

Bile acids exert great toxicity when their intracellular or extracellular

concentration reaches an elevated threshold level. However, bile acids are

toxic even at lower concentrations. Toxicity is mediated by increasing the

levels of the superoxides within affected cells by molecules such as

malondialdehyde, a byproduct in cells. At lower concentrations, hydrophobic

bile acids induce mitochondrial dysfunction by increasing the permeability of

the mitochondrial membrane.

The induction of apoptosis by toxic bile acids is mainly related to two

fundamental molecular pathways (see Figure 4.4): 1) the death

receptor-mediated pathway (extrinsic pathway), and 2) the mitochondrial

pathway (intrinsic pathway) [407]. Both pathways involve the activation of

caspases, a family of cysteine proteases that cleave on the carboxyl side of

aspartic acid. The intrinsic pathway includes the direct effect on mitochondria

and following release of pro-apoptotic factors. The extrinsic pathway (Fas

pathway) involves binding to death receptors by death receptor ligands,

followed by the activation of initiator caspases and effector caspases. Toxic

bile acids at concentrations below 100 μM, mainly initiate the death
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receptor-mediated pathway. This involves the promotion of ligand-independent

Fas aggregation. When bile acid concentrations exceed 150 μM this can lead

to mitochondrial dysfunction mediated by increasing ROS levels [408].

Figure 4.4- Hydrophobic bile acids cause cell apoptosis through two
pathways: the death receptor-mediated pathway and the mitochondrial
pathway [409, 410]. Both two cell apoptosis pathways converge at activation of
the effector caspases (such as caspase-3, caspase-7 and caspase-6).

The mitochondrial pathway (intrinsic pathway)

Mitochondria are organelles bounded by a membrane bilayer, present in

cytosol and are critical to the maintenance of homeostasis within cells. The

destruction of mitochondria is an important feature of apoptosis. The

mitochondrial pathway of apoptosis is induced by intracellular stresses that

converge on mitochondria, leading to the generation of ROS, followed by

mitochondrial depolarization, membrane permeabilization and disruption of the

mitochondrial membrane potential. The mitochondrial pathway is initiated with

the activation of membrane-associated enzymes (mainly NAD(P)H oxidases)
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by toxic bile acids, which promotes MPT (Mitochondrial Permeability

Transition). The promotion of MPT induces perturbations in the mitochondria

and allows the release of pro-apoptotic factors such as cytochrome c [411–414].

The loss of the electron carrier, cytochrome c from the respiratory chain,

results in the impairment of the electron transport chain and generation of ROS.

The release of the pro-apoptotic factors can activate the initiator caspase-9. At

the same time, caspase-9 is processed to the mature enzyme. This in turn

activates downstream effector caspases such as caspase-3, caspase-6 and

caspase-7 via a caspase cascade, promoting the cleavage of Bcl-2 located in

the mitochondrial outer membrane. The Bcl-2 family is responsible for

regulation of the release of pro-apoptotic factors and regulates the

mitochondrial pathway both positively and negatively [415], and contributed to

induced mitochondrial dysfunction. Reducing levels of Bcl-2 trigger the

activation and oligomerization of Bax, a cytosolic mediator of bile acid-induced

mitochondrial cytochrome c release [416]. Initial cytochrome c release induces

Bax translocation to the mitochondria and leads to further cytochrome c

release [417]. This establishes a feedback loop that amplifies apoptosis.

Excessive cytochrome c release leads to the development of new pores within

the mitochondrial membrane, and also leads to the cellular membrane integrity

disruption and subsequent cell lysis [418].

The death receptor-mediated pathway (extrinsic pathway)

Death receptors are type 1 transmembrane proteins, that may activate

apoptosis via the interaction of the receptor with specific cognate ligands.

These receptors belong to the TNF receptor superfamily. Among the most

widely studied death receptors are Fas and TRAIL membrane proteins. Fas is

associated both with cell proliferation in human fibroblasts for example and

with the induction of apoptosis. Death receptor-mediated pathways also

include Fas-independent apoptosis [419]. Typical death receptor pathways are
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triggered by ligand-induced activation of death receptors at the cellular

membrane [420], which is followed by recruitment and oligomerization of

intracellular adaptor molecules [421]. High concentrations of toxic bile acids

result in cell death by activating this death receptor localized at the plasma

membrane from the Golgi apparatus. This pathway is activated when certain

death receptor ligands engage their cognate death ligands such as FADD

(Fas-associated protein with death domain) and its caspase-8. FADD contains

a death effector domain that initiates apoptosis by directly activating initiator

caspase-8. This is distinct from mitochondrial pathways that result in the

activation of caspase-9 [408], followed by the initiation of effector caspase. LCA

induced apoptosis in colon cancer cell lines is mediated through this pathway

initiated by caspase-8 [422]. Protease caspase-8 has been found to be a

signaling caspase involved in the initiation of apoptosis caused by the Fas [423].

Transcription factor p53 is implicated in bile acid induced apoptosis [424] and

has been shown to transiently increase Fas expression at the cellular surface

to stimulate Fas-FADD binding [425].

Activation of death receptors by bile acids always signals the mitochondria

pathway of apoptosis in type II cells, such as hepatocytes. In hepatocytes,

activated caspase-8 (dominant death receptor-activated initiator caspase)

cleaves the cytosolic pro-apoptotic protein, Bid, a member in proapoptotic

Bcl-2 family. The truncated form of BID (tBID) activated by caspase-8 engages

in the mitochondrial pathway to amplify the apoptotic response [409] and trigger

pore formation, which finally leads to mitochondrial dysfunction and irreversible

hepatocyte death. Thus, this Fas death receptor activation appears to be a

critical pathway for bile acid related hepatocyte apoptosis.

Genetic removal of Fas only reduces hepatocyte apoptosis by 50% [426]. In the

absence of Fas, enhanced expression and oligomerization of TRAIL receptor,

synthesized in Kupffer cells [427], can cause cholestatic liver injury. Inhibition of

this death receptor-mediated signaling would be essential for the treatment of
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cholestatic liver diseases. Compounds capable of causing cell death

specifically through the extrinsic pathway are promising candidates for the

future drug discovery and development because cancer cells often remain

sensitized to death receptor signals [428].

Activation of death receptors invariably signals the mitochondrial pathway of

apoptosis in hepatocytes. Both the direct mitochondrial and caspase 3

mediated pathways cooperate in causing apoptosis and their coordination

underscores the vital role of mitochondria in programmed cell death.

The ER stress pathway

Some studies challenge the central role of mitochondria in causing apoptosis

and suggest that some apoptotic signals can directly activate caspase without

involvement of mitochondria [429]. Bile acids with similar concentrations to those

found in cholestatic liver diseases, can induce apoptosis via the intrinsic

pathway even when the death receptor activation is repressed [430]. Inhibition of

death receptor signaling solely is not sufficient to repress hepatocyte apoptosis

and subsequent bile acid induced liver damage in cholestatic diseases.

More recently, it has been found that hydrophobic bile acids induce apoptosis

in hepatocytes through another intracellular pathway of hepatocyte cell death

by causing endoplasmic reticulum (ER) stress. This involves bile acid

mediated Ca2+ release localized at the ER membrane and subsequent

activation of caspase-12, triggering apoptosis. This has been verified in the

liver-derived cell line Huh-7. A variety of agents, including inhibitors of

glycosylation, toxins and oxidative stress can induce ER stress and contribute

to cell death. Recent researches suggested that ER stress might be

associated with hepatocyte cell death caused by cholestasis or bile acids [431].

TUDCA, the taurine conjugation of UDCA, has been demonstrated to regulate

this ER mediated pathway by reducing Ca2+ efflux and subsequent activating
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of caspase-12. TUDCA is used in the treatment of many diseases like type 2

diabetes and the metabolic syndrome.

Figure 4.5- Intracellular mechanisms of bile acid-induced hepatocyte
apoptosis by ER stress [391].

Bile acids affect intracellular signaling and gene expression, which contributes

to alterations in cell growth and even tumorigenesis [432]. Many hydrophobic

bile acids cause cellular apoptosis via the mechanisms shown above that

pathophysiological concentration of those bile acids activate death receptors
[59] and induce oxidative damage and mitochondrial dysfunction [434, 435]. These

hydrophobic bile acids have the potential to induce apoptosis through both

detergent effects and receptor-mediated interactions. However, UDCA, a

chemoprevention agent, can inhibit cell proliferation without inducing apoptosis

and this inhibition causes cells to arrest in the G1 phase of the cell cycle [436].

Moreover, UDCA inhibition of apoptosis involves modulation of p53-mediated

cell death involving reducing p53 transcription and DNA binding activities.

UDCA is also anti-apoptotic [437, 438] and also indirectly blocks apoptosis of
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damaged cells by activating several survival signaling pathways, like MAPK

and NF-κB. UDCA and its taurine and glycine conjugates protect cells against

apoptosis induced by hydrophobic bile acids like DCA. DCA has been found to

activate epidermal growth factor receptor (EGFR) in many metabolic disorders

and UDCA inhibits this. Besides this, the protective mechanism of UDCA

against toxic bile acids involves the direct prevention of mitochondrial

membrane perturbation [439] by reducing the pro-apoptotic protein Bax in

mitochondria, repressing the generation of ROS [413] and inhibiting cytochrome

c release. UDCA plays an important role in modulating the classic

mitochondrial pathway of apoptosis in different cell types [440], therefore

designing molecular targets mediating UDCA signaling to the mitochondria

arouses many interests on the cytoprotection effect of UDCA. UDCA also

interferes with the death receptor pathway, blocking caspase-3 activation.

Apoptosis became a topic of intensive research to identify molecular targets

and bile acids, especially UDCA, propose effective therapies in the treatment

of a wide variety of apoptosis-related diseases. It interferes with cellular

apoptosis both at mitochondrial and transcriptional level. UDCA has been the

first-line treatment of certain liver diseases for quite a long time. Besides,

UDCA has the ability to treat neurological disorders associated with increased

level of apoptosis in pre-clinical neurodegenerative models because

administration of UDCA in high doses can be delivered to brain [441].

4.1.3 Bile acid toxicity and protection

Different bile acids produce a diversity of cellular effects, some of which may

cause harm while others may be cytoprotective. Bile acids have various

functions in mammals, including the stimulation of bile formation and

cytoprotective effects that enhance the survival of cells. However, the

juxtaposition of the cytoprotective effect of bile acids and their capacity to

induce apoptosis is dependent on the concentration of bile acids. They are
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highly cytotoxic and induce cell death when present in abnormally high

concentrations. Cytotoxicity is associated with the capacity of those bile acids

that exhibit greater hydrophobicity such as CA and its conjugates, to disrupt

the cell membrane and membrane bound organelles.

The retention of hydrophobic bile acids, CDCA and DCA, both disrupts cell

membranes through their effect on lipid components and facilitates the

generation of ROS through the intrinsic and extrinsic pathways of apoptosis.

ROS is generated by activation of Kupffer cells which further contributes to

hepatocyte injury. The accumulation of hydrophobic bile acids has historically

been long considered a major cause of liver damage as it may lead to the

deterioration of existing bile duct, endothelial injury in the lungs and kidney and

also have toxic effects on other cells and tissues.

Gut bacteria produce the bile acid LCA from the dehydroxylation of CDCA. It

was shown that LCA induces cirrhosis and its taurine conjugate causes

cholestasis based on animal experiments. These toxic bile acids correlate to

some extent with human liver diseases. However, other bile acids, especially

hydrophilic UDCA, were shown to inhibit apoptosis in the same concentration

range. UDCA represses apoptosis induced by toxic bile acids and ethanol by

decreasing mitochondrial depolarization and repressing translocation of Bax to

the mitochondrial membrane with subsequent inhibition of cytochrome c

release and caspase activation and formation of ROS [414, 442]. It has been

found to modulate bile acid injury in hepatocytes and is currently used to in the

treatment of cholestatic liver diseases like PBC and PSC [443, 444].

Because of the potential therapeutic value, UDCA and its derivatives have

become the subject of considerable research focus. Many human clinical trials

demonstrate that UDCA is effective in CRC prevention and treatment. UDCA is

found to inhibit bile acid synthesis in the liver, alter the composition of colonic

bile acid, and reduce overall cytotoxicity of the circulating bile acid pool. It is

evident that UDCA can prevent the activation of all apoptosis pathways
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although its underlying molecular protective mechanisms remain to be

established with certainty. In cholestatic liver disease, uptake of UDCA

decreases hepatocyte injury and slows disease progression. A variety of

studies have shown the potential use of bile acids for the treatment of

paediatric cholestatic disorders, including drug induced liver injury. Because of

these, UDCA and its derivatives arouse interest based on their protective

properties. On the other hand, UDCA is found to suppress the toxicity of

lipophilic bile acids at the level of mitochondrial electron chain, up to a

concentration of 100 µM. However, at higher concentrations, UDCA can

increase bile acid-induced toxicity.

Emerging evidence suggests that the accumulation of cellular mutations, DNA

damage and the emergency of cancer are associated with the development of

apoptosis resistant cells. This is may also arise as a consequence of

repeatedly exposure to high concentrations of hydrophobic bile acids, like DCA.

Therapeutic approaches in such instances, include targeting of the apoptosis

resistant pathway, to restore apoptosis competence, which results in more

effective killing of tumor cells.

UDCA has been found to induce apoptosis via extrinsic pathway as well as

intrinsic pathway in human cancer cell lines [445]. It could induce apoptosis in

liver cancer, gastric cancer and colon cancer cell lines [446–448]. It is effective in

reducing ROS production in tumor cells by inhibiting the MPT formation and

preventing the release of cytochrome c from mitochondria. In light of these

studies and the minimal side effects associated with the clinical administration

of UDCA, our research targeted the development of a novel class of UDCA

derivatives which can induce apoptosis in specific tumor cells and provoke cell

death. Two UDCA derivatives, HS-1030 (conjugate form of UDCA with

N-[(3α,5β,7β)-3,7-dihydroxy-24-oxocholan-24-yl] glycine methyl ester of UDCA)
[449] and HS-1183 (conjugate form of UDCA with

N-[(3α,5β,7β)-3,7-dihydroxy-24-oxocholan-24-yl] L-phenyl alanine benzyl ester)
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have already been synthesized to reinforce the UDCA effect in apoptosis

initiation [450] and have been demonstrated to be effective in induce apoptosis

in CRC cells.

4.2 Design and synthesis of 3α-UDCA derivatives

By understanding how bile acids cause cancer cell damage, we may be able to

design agents that can mitigate the damage. On the other hand, in the medical

management of cancer the therapeutic objective is to kill tumor cells and

agents that are able to kill tumor cells are continually being sought. It is

beneficial to use bile acids because of their intrinsic toxicity can be useful leads

in the identification of new cytotoxic agents. The synthetic and biochemical

studies in this aspect of my work are motivated by this idea.

A panel of 3-azido-24-amides derived from CDCA are capable of reducing cell

viability and inducing apoptosis in cancer cells with low micromolar IC50 [292]. Dr.

Jason Galvin who was awarded a PhD degree from research work carried out

in our lab, discovered during the course of his work that a

3-ethanesulfonylamide analogue of UDCA 29 can induce apoptosis in liver

(Huh-7) and intestine (Caco-2) cell lines at relatively low concentration and

surprisingly cause entire cell death. The objective of this work was to further

explore new bile acid analogues related to 3α substituted UDCA in search of

greater potency and selectivity and to understand the structural requirements

imparting high toxicity. UDCA analogues were made through synthetic

manipulation of the functional groups in C-3’ (by incorporating sulfonamides or

trifluoromethyl) and C-24’ position (see Table 4.2). In this work, we began with

the synthesis of a library of 3α derivatives of UDCA in an effort to investigate

the SAR around the steroid nucleus regarding cytotoxicity (Figure 4.6).
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Figure 4.6- Chemistry strategies in improving cytotoxicity based on the
SAR around the structure of UDCA and CDCA 3-azido-24-amides. A)
CDCA 3-azido-24-amides were identified with low IC50 for reducing cell viability
in the Caco-2 and HT-1082 cell lines [292]. B) UDCA 3α-sulfonamides were
found to be toxic, among which 3α-ethanesulfonamide UDCA 29 displayed
unexpectedly high cytotoxic activity. C) A series of 3-sulfonamides 24-amides
were designed based on the SAR around UDCA in increasing toxicity. D)
Trifluoromethyl substitution at C-3 of UDCA is another strategy to enhance
potency towards reduction of cell viability.

4.2.1 Synthesis of 3α-Boc protected UDCA

This section relates to the synthesis of 3α-Boc-protected amine groups, which

is an important intermediate to produce corresponding UDCA sulfonamides.

The synthetic route to different 3α-amide derivatives of UDCA was quite

complicated. Firstly, in order to obtain stereospecific synthesis of 3α-Boc
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derivatives of UDCA, we anticipated an inversion of configuration during the

formation of the azide group at 3α position. Conversion of the 3α-OH to an

appropriate leaving group then allows azide displacement and obtains 3α-Boc

compound. Scheme 4.1 shows the synthetic route of 3α-Boc protected UDCA.

Scheme 4.1- Synthesis of 3α-Boc protected UDCA. (here F=formic
protecting group for secondary alcohol)

4.2.1.1 Protection of UDCA

The first step in this synthetic route was the selective protection of C-24’
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carboxylic acid and the 7β-hydroxyl group. The protection of C-24’ carboxylic

acid was done in first. The most widely used method in carboxylic acid

protection is esterification. In many cases, bile acid methyl esters can be

obtained in a high yield in an acid catalyzed reaction [451]. The formation of

methyl ester 1 was carried out in MeOH by adding half eqv. of acid catalyst at

reflux. After overnight, TLC showed 100% conversion of the starting material.

The TLC plate was developed in hexane: EtOAc=1:2 with vanillin solution used

for detection. After workup, the methyl ester was obtained as white solid in high

yield (96%). (Scheme 4.2)

Scheme 4.2- Esterification of C-24’ carboxylic acid and protection of
hydroxyl groups at C-3’ and C-7’

The selective protection of the hydroxyl group at C-3’ and 7’ position is not

easily achieved in one step. The 3α-hydroxyl group is more reactive than

7β-hydroxyl groups because C-7’ position are more sterically hindered and are

equatorial in the UDCA case. Our approach was to protect both C-3’ and C-7’

hydroxyl group with formic acid and then selective cleavage of the formic

protecting group on the less hindered A-ring. The protection of the 3 and
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7-hydroxyl groups was done with concentrated perchloric acid in formic acid

under 60oC to yield di-formate 2. The formation of 2 was followed by TLC

analysis using hexane: EtOAc=3:1 as the mobile phase. After the reaction was

finished, the crude product was purified by flash chromatography to yield

product 2 as white foam (90%).

4.2.1.2 Selective deprotection of 3, 7-diformate UDCA 2

The most generally used method to achieve cleavage of the formate group is

hydrolysis in the presence of weak base condition. Concentrated KOH or

NaOH solution deprotect both hydroxyl groups in a short time. NaHCO3 is a

commonly used reagent to selectively hydrolyse formate group without

converting methyl esters to carboxylic acid. The selectivity over the methyl

ester is that formate group are more susceptible to hydrolysis and they

hydrolysed first. The hydrolysis was carried out in anhydrous MeOH at pH~10

at RT. After 8 h, The TLC showed the conversion of the starting material to the

desired product 3 (75%) and a certain amount of side product (15%). The

reaction time needed to precisely control and 8 h was found to be the best

reaction time to achieve mono-acetate product. Overlong reaction time led to

the synthesis of more side product.

Scheme 4.3- Selective deprotection of 2 with NaHCO3 in inert MeOH.
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4.2.1.3 Synthesis of 3α-bromo UDCA

The direct synthesis of azide from the corresponding alcohol is only limited to

tertiary alcohol [452]. A reported synthetic route involves general reaction steps

via a bromo intermediate [453]. To obtain the final 3α-azide compound, the

3α-alcohol should undergo a nucleophilic substitution into 3β-bromo

intermediate, which is subsequently converted into 3α-azide.

A novel reaction system for transformation of hydroxyl groups into bromodeoxy

group consists of PPh3 together with halogen source in dry THF at RT [454].

Here, NBS is used as the halogen source as bromine is much easier to be

displaced. 3α-Hydroxyl group is replaced by bromine via oxyphosphonium

intermediate with inversion of configuration. Compound 3 was treated with 2

eqv. of PPh3 and NBS in dry THF at -18oC and the reaction proceeded at RT

for around 7 h. After TLC (hexane: EtOAc= 5:1) shows the full conversion of

starting material, the crude product was workup and purified by flash column

chromatography to obtain 3β-bromo, 7α-acetyloxy-5β-cholanoate 4 as

colourless oil in 87% yield. The initial reaction temperature was set to quite low

in order to reduce potential side reactions.

Scheme 4.4- Synthesis of 3β-bromo UDCA via Mitsunobu displacement.

4.2.1.4 Synthesis of 3α-azide UDCA

Compound 4 was then transformed to the corresponding 3α-azide 5 in a

nucleophilic SN2 substitution reaction. Sodium azide is a good source in

preparing azide compound as the pseudohalogen azide anion can displace the

bromo group to produce the azide compound. Compound 4 was treated with
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10 eqv. of NaN3 in DMPU at RT and stirred for 2 d. During the process, the

flask needed to be covered by tin foil to reduce the degradation of NaN3. The

formation of the 3α-azide was followed by TLC analysis using hexane:

EtOAc=5:1 as mobile phase. The Rf difference of the starting material and final

product was quite small so that it is hard to follow the changes only based on

the Rf value of the spots. But the colour of two spots was quite different after

development with vanillin solution that product spot showed white compared to

dark purple for the starting material. After 2 d, the crude product was worked

up and cleaned by column chromatography to obtain compound 5 as

light-yellow oil in 85% yield.

Scheme 4.5- Synthesis of 3α-azide UDCA 5.

4.2.1.5 Reduction of 3α-azide UDCA and subsequent Boc protection

The next step involves the reduction of 3α-azide UDCA 5 and immediate Boc

protection on produced amine. Boc-protection of amines produced is widely

needed because of amine’s instability. In this case, the UDCA azide 5 was

carbamoylated in situ with Pd/C under H2 atmosphere in the presence of

Boc2O to give Boc-protected amino compound 6. 1.2 eqv. of Boc2O was added

to a mixture of Pd/C and compound 5 in EtOAc and the reaction was stirred

overnight under H2. The formation of 6 was followed by TLC analysis using

hexane: EtOAc=4:1 as the mobile phase. After the reaction was finished the

second morning, the crude product was purified by flash chromatography to

yield product 6 as white foam (90%) and also a small percentage of 3-keto

product.
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Scheme 4.6- Synthesis of 3α-Boc protected UDCA 6.

4.2.2 Alkaline hydrolysis and further amidation on C-24’

In order to synthesize different kinds of amides on C-24’, the next step would

be the hydrolysis of 3α-Boc protected UDCA. The hydrolysis of the protecting

groups usually takes place under strong alkaline condition (pH=14).

Compound 6 was treated with 2M aq. NaOH solution in MeOH under reflux

condition for 4-6 h. After the workup, compound 7 was obtained as a white

solid in high yield (99%).

Scheme 4.7- Alkaline hydrolysis of 3α-Boc protected UDCA and
subsequent amide coupling into different C-24’ amides. Here R1

represents different amines.

A relative low cost and easy method for transformation to desired amides from

carboxylic acid at C-24’ was to employ the well characterised coupling of
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carboxylic acid and amine or anhydrides with HOBt and EDC. Using this

method, we were able to avoid the isolation of the active ester. This reaction

was carried out in dry DMF at 0oC. The formation of intermediate was

monitored by TLC analysis (hexane: EtOAc=1:1). When the intermediate

formed, amine was added dropwise into the mixture and was stirred to RT for

overnight. The formation of intermediate was usually very fast at 0oC, usually

30 min. After workup and subsequent column chromatography, the C-24’

amides were afforded in the yield of between 55%–70%, depending on the

type of amine applied. The amine reactants and amide products are listed in

Table 4.1 below.

Table 4.1- A list of C-24’ amides with Boc protection on C-3’.

Amine used R1 Product

butan-1-amine 8

pyrrolidine 9

cyclopentanamine 10

ethylamine 11

ammonia 12

cyclopropylamine 13
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1H-NMR characterization of C-24’ amide with 3α-Boc protected

As can be seen from the 1H-NMR spectrum below, two doublet peaks

observed at δ 5.48 and δ 4.42 represent the NH proton on cyclopentamine and

on Boc protecting group respectively. Compared with the 1H-NMR spectrum of

compound 6, the chemical shift of 9 protons of tert-butyloxycarbonyl protecting

group (3×CH3) does not change at all. A multiplet between δ 3.48 and δ 3.52

indicates the presence of 7α-H. Another multiplet localized between δ 3.35 and

δ 3.37 represents the 3β-H. Overall this 1H-NMR spectrum corresponds to the

structure of compound 10.
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Figure 4.7- 1H-NMR spectrum of compound 10.
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4.2.3 Deprotection and final coupling with sulfonyl chlorides

Different sulfonyl chlorides were attached to the deprotected amine to afford

3α-sulfonamide UDCA derivatives. The removal of the Boc-protecting group of

the C-24’ amides was done by employing a 33% solution of TFA in dry DCM at

RT. After full disappearance of the starting material (approximately 25–30 min),

the mixture was neutralized first and the volatiles were removed and the

secondary amine was dried under high vacuum. The trifluoroacetate salt was

used immediately without any further purification and coupled with the sulfonyl

chlorides in anhydrous DMF at 0oC and then turned to RT for overnight.

Scheme 4.8- Deprotection and coupling with sulfonyl chlorides to afford
final 3α-sulfonyl, 24-amido UDCA derivatives. R1 here represents different
amines used and R2 alkyl groups of different sulfonamides. (A list of R1 and R2

can be found in Table 4.2)

Table 4.2- A list of 3α-sulfonyl, 24-amido UDCA compounds. C-3’ position
is attached by four different types of acid chlorides while C-24’ side chain is
modified into different amides.
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R1= , , , , and
R2= -CH3 (methyl), -CH2CH3 (ethyl), -CH2CH2CH3 (propyl), and -Ph (benzyl)

Butan-1-amine series

Pyrrolidine series
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Cyclopentanamine series

Ammonia Cyclopropylamine
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The % yield of desired 3α-sulfonyl, 24-amido UDCA was low mainly because

of complex reaction scheme and their physicochemical property. They are very

polar and therefore large quantities of compound were lost to the aqueous

layer in the workup step. More work needs to be done to improve the % yield.

1H-NMR characterization of 3α-sulfonyl, 24-amido UDCA derivatives

The disappearance of the Boc protecting group can be clearly observed.

Compared to the 1H-NMR spectrum (Figure 4.7) of 10, the chemical shift of

7α-H does not change at all. A quartet peak found at δ 3.02, integrated to 2

protons, represents the CH2 of ethanesulfonyl group and this is an important

signal for compound 15. Besides this, a doublet between δ 3.96 and δ 3.98 is

assigned to the NH of ethanesulfonyl group. A multiplet localized between δ

3.21 and δ 3.26, with the integration of 3H, indicates the signal for N-CH2 and

7α-H. Overall this 1H-NMR spectrum corresponds to the structure of

compound 15.
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Figure 4.8- 1H-NMR spectrum of compound 15.
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4.3 Cytotoxicity of the 3α-UDCA sulfonamides in Huh-7 cell line

In order to study the potential toxicity or relative toxicity of 3α-UDCA

sulfonamide compounds, we used the MTT assay method to determine the %

cell viability. The application of the MTT approach here is in the context of

many studies carefully characterizing the effects of bile acids in the relevant

concentration range, which has been used as an important research tool in the

second chapter of this thesis. We studied cell viability effects using the Huh-7

cell line which is a type of hepatocellular carcinoma (HCC) cell line because

we wanted to understand the relative toxicity of these 3α-UDCA sulfonamides

29 at the concentration of 50 µM. Stock solutions of the different 3α-UDCA

sulfonamides were prepared in DMSO and these were diluted to 50 µM with

supplement free medium. The % cell viability was measured after incubating

for 24 h and it was calculated versus vehicle treated control, which was treated

with same amount of DMSO (1%). Each experiment was carried out in

triplicate and repeated three times to get nine data points in total for each bile

acid drug solution. The data are presented in Figure 4.9.

Figure 4.9- A measurement of toxicity of a panel of 3α-sulfonamide UDCA
compounds. Huh-7 cells were seeded onto 96 well plate at a density of 1×105

cells/ml, and then treated with 50 μM bile acid solution for 24 h. Cells were
then treated with 10 μl of 2.5 mg/ml MTT reagent and incubated for 2 h. The
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assay was normalised to 1% DMSO vehicle control and absorbance of each
well was read on a VERSAmax Microplate Reader (Molecular Devices,
Sunnyvale, CA, USA) at a wavelength of 570 nm. Values are expressed as
mean ± SEM of three triplicate experiments, * p<0.05, ** p<0.01, *** p<0.001
as determined by one way ANOVA with Dunnett’s post-hoc correction.

It is manifest from the Figure 4.9 above, among this panel of 3α-UDCA

sulfonamides, 3α-ethanesulfonamide UDCA 29 without any conjugation was

found to be the most toxic, which corresponds to Jason Gavin’s findings in his

thesis that this compound exhibited unexpectedly high cytotoxic activity.

Conjugation to other amines at C-24’ will obviously decrease their relative

toxicity compared to 29. At the same time, coupling with ethanesulfonamides

shows the highest toxicity compared with other sulfonamides, followed by

propanesulfonamides and methanesulfonamides. Conjugation to

benzenethanesulfonyl chlorides caused the lowest toxicity.

Most of the UDCA sulfonamides did not exhibit any cytotoxicity effect but some

of them seem to protect cells from death (for example 17, 25). It will be

interesting to further explore the SAR of the UDCA sulfonamides on the

cytoprotection effect.

4.4 Further toxicity screen of 3α-ethanesulfonamides

The data, which were collected for a panel of the new 3α-amides, indicated

that the cell viability reductions observed with the MTT assay were due to the

structure differences in general. An understanding of the structural basis for

the cytotoxicity effects of bile acids is important to ongoing efforts to the design

of selective cytocidal agents [455–458]. Based on initial toxicity screen in Huh-7

cells, the 3α-amides causing a significant drop in count at 50 µM were

compound 26 and 29 shows some effect. Many studies indicate the

incorporation of alcohol on the C-24 position increase the overall toxicity and

we supposed that addition of an alcohol group can even boost the cytotoxicity



169

of 3α-ethansulfonamide UDCA. The objective was to extend the structure

activity relationships already established to include derivatives at the C-24

position and explore whether the alcohol derivative of 3α-ethansulfonamide

UDCA 28 exhibits significant cytotoxicity effect on Huh-7 cells.

Our initial synthetic strategy revolved around producing the desired compound

based on direct LiAlH4 reduction. LiAlH4 is a good reducing agent producing

hydroxyl derivatives from methyl ester directly. A simple two-step synthesis

using compound 5 as the starting material was designed (Scheme 4.9).

The first step was to reduce the methyl ester into the hydroxyl group while

reducing the azide group into amine simultaneously. The second step was the

attachment of the ethanesulfonyl group. However, this synthesis did not work

as expected because an unknown impurity was produced in the meantime and

it cannot be purified. The impurity proved hard to remove by column

chromatography.

Scheme 4.9- Initial designed synthesis of the alcohol derivative of
3α-ethansulfonamide UDCA 28 based on LiAlH4 reduction.
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The problem with the synthesis of 28 forced us to shelve this synthetic

procedure. A more complex synthetic route was redesigned in Scheme 4.10.

This followed the classic sodium reduction (Bouveault-Blanc reduction

discovered in 1903) in the last step that an excess of Na was added to a

solution of the carboxylic acid in increments to the alcohol, which functions

both as solvent and as reducing alcohol. In this synthetic route, Na/EtOH was

applied to efficiently reduce the carboxylic acid into the primary alcohol while it

has no effect on the 3α-ethanesulfonyl group compared with LiAlH4 reduction.

What is worth mentioning is that Na is a strong reducing agent and the use of

Na in this reaction needs to done very carefully as it is very active and

exposure of Na in air may cause explosion. Besides, large amount of Na and

ethanol tended to increase hazards and made the handling of the reaction

products difficult. The first step of this approach involved the direct reduction of

3α-azide UDCA into the primary amine and then subsequent incorporation of

the 3α-ethanesulfonyl group in the presence of Et3N. After purification, the

intermediate was hydrolysed by refluxing in MeOH/NaOH at pH 14 to afford

the product 3α-ethanesulfonyl UDCA. The final compound 28 was obtained by

subsequent reduction with sodium metal in EtOH (the synthesis pathway is

shown in Scheme 4.10). The reaction was quite successful and roughly 60% of

final yield was obtained from the starting material 3α-azide UDCA.
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Scheme 4.10- Synthetic route of the alcohol derivative of
3α-ethansulfonamide UDCA 28 based on Na/EtOH reduction.

Once this panel of 3α-ethansulfonamide UDCA analogues was synthesized,

next stage of work was to characterize their toxicity pattern on specific cell line,

here Huh-7 cells and Caco-2 cells and study their agonist effect on FXR via the

β-lactamase reporter assay.

4.5 Cytotoxicity of the 3-ethanesulfonyl UDCA analogues in Huh-7 and

Caco-2 cell line

The MTT assay was applied to assess the % cell viability after treating of the

specific cell line with this panel of 3-ethanesulfonyl UDCA amides. The main

purpose was to evaluate how UDCA amides affect Huh-7 cells, the

hepatocyte-derived cancer cell line. At the same time, we also examined the

cytotoxic effect of the UDCA amides on Caco-2 cell line, human epithelial
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colorectal cancer cell line in order to compare. Caco-2 cell line exhibits the

feature of the normal intestinal epithelium, including expression of various

important bile acid transporter proteins, like sodium-dependent bile acid

transport (ASBT) and efflux proteins. It serves a model for a variety of

transcellular pathways and is routinely used on the research into bile acid

uptake and transport [459]. All stock solutions of the UDCA amides were

prepared in DMSO which were diluted to the required concentration with

serum free medium. Four concentrations (100 µM, 50 µM, 25 µM and 10 µM)

of the stock solution were tested and % cell viability was measured after

incubating for 24 h. The % cell viability was calculated versus vehicle treated

control, which was treated with same amount of DMSO (1%). Each experiment

was carried out in triplicate and repeated three times to get nine data points in

total for each bile acid drug solution.

It has been found previously in the group that 3-ethanesulfonyl UDCA

compound 29 cause significant apoptosis. In this project, we wanted to explore

the cytotoxicity of other 3-ethanesulfonyl UDCA derivatives using two different

cell lines (Huh-7 and Caco-2 cell line). The % viability results are presented in

the figures shown below. (Figure 4.9 and Figure 4.10)
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Figure 4.9- The effect of 3-ethanesulfonyl UDCA analogues on Huh-7 cell
viability at 24 h. Figure A-E represent data for 15, 19, 26, 28 and 29,
respectively. Huh-7 cells were seeded onto 96 well plates at a density of
1×105 cells/ml, and then treated with different concentrations of
3α-ethanesulfonyl analogues for 24 h. Two hours before the end of treatment,
10 μl of 2.5 mg/mL MTT was added. At 24 h the medium was gently aspirated
and crystals dissolved in DMSO. Absorbance at 570 nm was normalised to 1%
DMSO vehicle control. Values expressed as mean ± SEM of three triplicate
experiments.

From Figure 4.9 above, compound 15 and 19 were evaluated at the two lower

concentrations and they did not show cytotoxicity on the Huh-7 cell line after

24 h. Compound 29 showed most cytotoxic effects at 100 µM and 50 µM

compared with other compounds, causing less than 10% survival, and higher

than compound 26. Compound 28 treatment led to cytotoxic effect on Huh-7

cells at higher concentration.
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Figure 4.10- The effect of 3α-ethanesulfonyl UDCA analogues on Caco-2
cell viability at 24 h. Figure A-E represent data for 15, 19, 26, 28 and 29,
respectively. Caco-2 cells were seeded onto 96 well plates at a density of
1×105 cells/ml, and then treated with different concentrations of
3α-ethanesulfonyl analogues for 24 h. Two hours before the end of treatment,
10 μl of 2.5 mg/ml MTT was added. At 24 h the medium was gently aspirated
and crystals dissolved in DMSO. Absorbance at 570 nm was normalised to 1%
DMSO vehicle control. Values expressed as mean ± SEM of three triplicate
experiments.



175

From Figure 4.10 above, both compound 15 and 19 were evaluated at the two

lower concentrations and they did not show cytotoxicity effect towards Caco-2

cell line after 24 h. Compound 26 and 29 showed similar effect and they both

caused high cytotoxicity under 100 µM and 50 µM, but up to 10 µM both

compounds lead to more than 50% survival. The cytotoxic effect of compound

28 on Caco-2 cells is not as significant in higher concentrations comparing with

29, suggesting structural modification from carboxylic acid to an alcohol at

C-24’ reduces overall compound cytotoxicity.

Further research was carried out to investigate the % cell viability difference

between two different cell lines with same bile acid solution. As can be seen

from Figure 4.11 below, nearly all the 3-ethanesulfonyl UDCA amides

exhibited more cytotoxicity towards Caco-2 cells than Huh-7 cells at similar

concentrations.

Figure 4.11- The effect of 3α-ethanesulfonyl UDCA analogues on both
Huh-7 and Caco-2 cell viability after incubating for 24 h.
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Compound 26, 28 and 29 resulted in a cell viability of below 50% even at low

concentration of 50 μM. Approximate IC50 values were subsequently roughly

estimated over 24 h at four concentration levels. The results estimated using

Graphpad Prism are presented below in Figure 4.12 and 4.13.

Compound Huh-7 MTT

IC50 (µM) (95% CI)

Caco-2 MTT

IC50 (µM) (95% CI)

28 21.68 (13.52–34.78) 10.36 (7.909–13.58)

26 10.66 (6.258–18.17) 14.40 (12.12–17.11)

29 10.30 (5.690–18.66) 11.89 (8.937–15.82)

Figure 4.12- IC50 values calculated for Huh-7 and Caco-2 cells after
treatment with 3α-ethanesulfonyl UDCA compounds for 24 h.
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Figure 4.13- Representative IC50 curves generated using MTT assay in
Huh-7 and Caco-2 cells. Huh-7 and Caco-2 cells were treated with varying
concentrations (10–100 μM) of different 3α-ethanesulfonyl UDCA for 24 h. Cell
viability was assessed using MTT assay and curve fitted using non-linear
regression to calculate IC50 values. Values represent mean ± SEM of three
experiments performed in triplicate.

Compounds 26, 28 and 29 were identified with low micromolar IC50 values for

reducing cell viability in the Caco-2 and Huh-7 cell line, making them among

the potent bile acid agents. They were in general more active against Caco-2

cells than Huh-7 cells. Caco-2 cells were especially more susceptible to

cytotoxicity from compound 29 than Huh-7 cells.

UDCA can induce apoptosis via both the extrinsic pathway and intrinsic

pathway [460]. Huh-7 cell line is Fas negative, known to be Fas deficient, and

has minimal Fas expression [461]. Apoptosis and mitochondrial cytochrome c

release were inhibited by transfection with dominant negative FADD. Therefore,

the apoptosis observed in the Huh-7 cell line may be death receptor mediated

(the extrinsic pathway).

These compounds may act through the intrinsic pathway, which in many cases

is faster and more potent/efficacious. This may explain why the Caco-2 cells

were more sensitive in general than the Huh-7 cells.
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At the same time, Caco-2 cells express various BA transporter proteins such

as ASBT and OATP [462, 463] that are not highly expressed in Huh-7 cells

therefore Caco-2 cells may take up bile acids much easier.

4.6 Analogues of UDCA sulfonamides developed for action on FXR

The approval of drug OCA opened a new area of bile acid therapy and many

pharmaceutical companies put much effort on the identification, optimization,

and final development of steroid FXR agonists all the way from initial discovery

of lead compound to last-stage clinical trials. New bile acid analogues are very

likely to lead to the activation of multiple nuclear receptors including FXR and

TGR5.

The aim of this section was to explore the effect of various UDCA sulfonamides

on their FXR agonist activity since the appropriate assay was operational to

address research questions raised in other chapters in this thesis. The same

procedures as the β-Lactamase FXR reporter assay introduced in the second

chapter were followed. CDCA and OCA, generally known good FXR agonists,

were used as the reference in this case. Some of compounds made previously

in this lab by Jason Galvin were also tested in this time and all the UDCA

sulfonamides.

Each experiment was carried out in quadruplicate and repeated three times to

get twelve data points in total for each UDCA sulfonamide analogue. The

blue/green ratio was calculated for each well by dividing the

background-subtracted blue emission values by the background-subtracted

green values. The data was further analyzed in order to get the % agonist

activity of each UDCA sulfonamide. The final result is presented in Figure 4.14.
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(A)

(B)

Figure 4.14- A measurement of % agonist activity of each UDCA
sulfonamide. (A) under 100 µM; (B) under 50 µM. Left are with OCA, and right
are without OCA. FXR-UAS-bla HEK 293T cells were treated with specific
concentration of bile acids solution for 16 h. Cells were then treated with
CCF4-AM substrate mixture and then incubated for 2 h in the absence of direct
light. The assay was normalised to 0.5 % DMSO vehicle control and
absorbance of each well was read on a VERSAmax Microplate Reader
(Molecular Devices, Sunnyvale, CA, USA) at a specific wavelength of
excitation and emission filter for both blue and green channel. Values are
expressed as mean ± SEM of three quadruplicate experiments, * p<0.05, **
p<0.01, *** p<0.001 as determined by one way ANOVA with Dunnett’s
post-hoc correction.

As shown in Figure 4.14 above, none of the compounds appears to have

significant FXR agonist activity apart from CDCA and OCA, known potent FXR

agonist. In the 100 µM group, compound 28 exhibited the strongest agonist
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effect, followed by 3α-methanesulfonyl UDCA and 26. To our surprise,

3α-ethanesulfonyl UDCA 29 showed a negative result relative to vehicle

control. This may have been due to its cytotoxicity which had been observed

towards Huh-7 and Caco-2 cells. In the 50 µM test group, 15 and 17 had a

minor agonist effect and the remaining compounds produced negative results

compared with vehicle control. The possibility they are FXR antagonists and

merits further study.

As described in the introduction, the purpose of this chapter was to describe

efforts made to design a bile acid analogue with high toxicity towards

mammalian cell lines by taking account of observations in various previous

studies in the Gilmer lab. Having explored the amidation of 3-sulfonamido

analogues of UDCA, on the basis that amidation in previous 3-azido series had

produced highly toxic analogues we next turned our attention to

3-trifluoromethylation in bile acid analogues. The novel compounds were

designed to achieve enhanced hydrophobicity, a chemical characteristics long

associated with toxicity in the bile acids.

4.7 Synthesis of 3-trifluoromethyl bile acids

4.7.1 Introduction to fluorine chemistry and trifluoromethyl compounds

Fluorine is considered as the next most interesting atom for incorporation into

small molecules after nitrogen in the life sciences field. Fluorine as a

substituent in active ingredients is important in drug discovery. Usage of

fluorinated compounds in medicine can be traced back to the 1940s. Advances

in modern chemistry have enhanced understanding of the importance of

fluorine in the periodic table and its impact on the structure, reactivity and

functions of fluorine-containing molecules. Consequently, lots of materials,

ligands, catalysts, polymers and pharmaceutical drugs contain fluorine

substitutes. The fluorine atom has a strong electronegativity (4.0), a low

polarizability and a small atomic radius. In terms of chemistry, The F-C bond is
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very stable and has an effective Van der Waals radius (1.47 Å) similar to C-H

bond. The F-C bond is the strongest carbon-atom single bond, which is

reflected in the applications of organofluorine compounds. Fluorine has been

widely applied to modulate the biological properties of drug molecules such as

pKa value of nearby functional groups, hydrophilic-hydrophobic balance,

permeability, metabolic stability, protein binding affinity and lipophilicity

because of its large electron-withdrawing inductive effect and its steric

resemblance to hydrogen [465]. Moreover, the introduction of 19F nuclear

magnetic resonance imaging has become the most promising method in

biological studies.

Figure 4.15- Chemistry properties involving fluorine, and trifluoromethyl
groups [465].

It is well known that introducing fluorine atoms and/or fluorine-containing

groups into bioactive molecules can have lots of positive effects, such as

allowing them to be more selective, potent, increasing efficacy, and making

them easier to administer [466]. Fluorine substitution also leads to substantial

conformational changes, therefore changing the bioactivity of organic

compounds. Because of these, introduction of fluorine atom to the ring system

of bile acid compounds is of great interest to investigate their roles in a variety

of metabolic disorders. Fluorination of biologically active molecules promotes

the development of contemporary pharmaceutical industry and the advantages

of incorporating fluorine into pharmaceuticals has been generally recognized.
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To date, 20% of prescribed pharmaceuticals and 30% of the leading

blockbuster drugs are estimated to contain a C-F bond. More fluorinated drugs

are predicted to be discovered in the near future as fluorine-containing

compounds continue to draw attention in the field of chemistry [467]. Many

anticancer, and anti-inflammatory drugs have all been successfully modified by

fluorine substitution to produce more active compounds.

The development of fluorinated pharmaceuticals is well related to the

advances in synthetic organofluorine chemistry. In principle,

fluorine-containing organic compounds can be synthesized via both

fluorination and fluoroalkylations. However, fluoroalkylation is superior in terms

of efficacy and compatibility under many conditions, particularly when

fluoroalkyl groups consists of multiple fluorine atoms. Among various

fluoroalkylations, trifluoromethylation arouses much interest in medicinal

chemistry. Trifluoromethyl groups can be introduced to dramatically change

physicochemical properties and related biological activities and to increase

binding affinity of drug molecules. Actually, many new drugs approved by FDA

contain a trifluoromethyl group, for example efavirenz, sitagliptin, mefloquine

and fluoxetine. Their structure indicates that setting up the

aromatic/heteroaromatic CF3 group being the most advanced. The addition of

fluorine atoms will enhance its lipophilicity and membrane permeability, thus

leading to increased stability and bioavailability [468].

The main purpose of the work in this chapter was to explore synthetic

approaches for producing different 3-trifluoromethyl bile acids to help in the

characterization of their effect on cellular toxicity, hydrophobicity and FXR

activation.

4.7.2 Synthesis discussion of 3-trifluoromethyl bile acids

Nucleophilic trifluoromethylation of carbonyl compounds fundamentally relies

on the utilization of trifluoromethyltrimethylsilane, TMSCF3. The synthesis of
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3-trifluoromethyl bile acid has been previously investigated in our group by

Florian Gegenfurtner.

The aim of this section was to synthesize and characterize a small set of

trifluoromethyl CDCA, DCA and UDCA derivatives. The synthesis pathway is

shown below in Scheme 4.11. One of the objectives of this work was to

characterise the stereochemistry of the trifluoromethyl addition and in relation

to their cytotoxicity.
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Scheme 4.11- The synthetic pathway for the synthesis of prevalent
isomer of 3-trifluoromethyl UDCA 66 and the chemical structure of
3-trifluoromethyl bile acids 65, 66 and 67.

Trifluoromethylation is most commonly achieved via activation of the

Ruppert-Prakash reagent, Me3SiCF3 which was firstly used for carbonyl

compounds in 1989. This is usually achieved in the presence of suitable

initiator TBAF or CsF to release the final product. Fluoride activation converts

commercial Me3SiCF3 into a -CF3 equivalent, even at low temperature [469].

However, the installation of a 3-trifluoromethyl moiety is challenging mainly

because the intermediates formed during the trifluoromethylation reactions are

unstable under the conditions necessary for the reaction to proceed [470].

Initially the Ruppert-Prakash trifluoromethylation was performed in the

presence of catalytic amount of TBAF [471], however, the reaction did not work

as the starting material 3-oxo did not react under these experimental

conditions. Afterwards lots of attempts were made to solve the problem, like

optimizing the ratio of Me3SiCF3, the solvent volume and the initiator category.

The choice of fluoride anion activator is very important in this case and the

best experimental condition for the synthesis of trifluoromethyl bile acid was

finally identified. This involved the employing of a slight excess of Me3SiCF3

(1.1 eqv), and a catalytic amount of CsF (0.2 eqv.) and a minimal amount of

dry THF under N2 atmosphere [472] followed by acidic workup affords the

trifluoromethylated alcohols in quite good yield (72%).

4.7.3 Characterization of 3-trifluoromethyl bile acids

The configuration of the trifluoromethyl substituent was challenging to

determine. 1D 19F NMR showed the presence of a single peak at -79.10 ppm,

indicating the existence of only one isomer (Figure 4.16 b). Besides, a signal in

2D HMBC had a J value of 285 Hz indicates the 19F13C coupling (typical

1JCF~272 Hz). Heteronuclear 2D NOE experiments were applied to study the
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dipolar interactions between heteronuclei and nearby protons to help identify

the orientation. The heteronuclear 2-D NOE experiments have proven to be

useful for structural elucidation and conformational analysis in 13C and 19F

NMR spectroscopy [473]. The characterization of the final product further

benefited from DQF-Phase-Sensitive CoSy. This helps suppress the CoSy

diagonal, meaning that it is easier to identify cross-peaks near the diagonal.

The chemical shift of 3α-H and 3β-H is close on the diagonal and their

off-diagonal cross-peaks will be close to the diagonal and thus hard to see on

a standard CoSy. Besides, it distinguishes whether J value is positive or

negative by using different colors (black for positive and red for negative). It is

beneficial for the determination of two pairs of multiplets with similar chemical

shifts obscuring each other. The black peak (positive J value) in my case

indicated the existence of 3α-CF3 bile acids. The trifluoromethylation in other

words produces the alpha or equatorial isomer.

(a)
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(b)

Figure 4.16- (a) the 1H NMR of 3-trifluoromethyl CDCA 67; (b) the 19F NMR
of 67.

4.7.4 Determination of lipophilicity of 3-trifluoromethyl bile acids

The lipophilicity of the 3-trifluoromethyl bile acids was investigated by RPTLC

using methanol-water in different compositions. The estimation of log P is

based on Rf value of each compound on the RPTLC plate. Although the Rf

value is not directly correlated to the lipophilicity of the compounds, a

significant relationship was found between the lipophilic parameter RMW value

and known log P values of reference compounds, which has been described in

Chapter 2.

The purpose of this section was to compare the lipophilicity of these

3-trifluoromethyl bile acids determined by RPTLC using three different mobile

phase systems with lipophilicity values estimated by statistical methods.
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Estimation of log P

The log P values of the three 3-trifluoromethyl bile acids were estimated using

a calibration equation of the log P value of three reference compounds (DCA,

CDCA and UDCA) and their measured RMW. The result is shown below in

Figure 4.17.

Figure 4.17- The the measured log P values of all 3-trifluoromethyl bile
acids based on the calibration equation. The reference log P for DCA,
CDCA and UDCA is 3.50, 3.28 and 3.00, respectively [533].

The order of measured hydrophobicity of the 3-trifluoromethyl bile acids is:

3-trifluoromethyl DCA 65>3-trifluoromethyl CDCA 67>3-trifluoromethyl UDCA

66, which exactly corresponds to the order of the parent bile acids. The

presence of a 3-trifluoromethyl group significantly increases their

hydrophobicity/lipophilicity by approximately 0.6 log P units [474–476]. The impact

of this on their cytotoxicity is addressed in the following section.

4.7.5 Toxicity characterization of trifluoromethyl compounds in Huh-7

cells

We studied % cell viability effects using the Huh-7 cell line and the Alamar Blue

assay. Stock solutions of these bile acid compounds were prepared in DMSO

Compound RMW log P
(reference)

log P
(measured)

DCA 5.26 3.50

CDCA 5.56 3.28

UDCA 4.31 3.00

3-trifluoromethyl
DCA 65

6.72 4.09

3-trifluoromethyl
CDCA 67

6.27 3.87

3-trifluoromethyl
UDCA 66

6.16 3.59
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and they were diluted to 100 µM with supplement free medium (with 1%

DMSO). The % cell viability was measured after incubating for 24 h and it was

calculated versus vehicle treated control, which was treated with same amount

of DMSO (1% in assay medium). Each experiment was carried out in

quadruplicate and repeated three times to get twelve data points in total for

each drug solution. The data are presented in Figure 4.18 below.

Figure 4.18- A measurement of toxicity of trifluoromethyl bile acids.
Huh-7 cells were seeded into 96 well plates at a density of 1×105 cells/ml, and
then treated with 100 µM bile acids solution for 24 h. Cells were then treated
with 10 µl Alamar Blue reagent in an amount equal to 10% of the volume in the
well and incubated for 2 h in the dark. The assay was normalised to 1% DMSO
vehicle control and absorbance of each well was read on a VERSAmax
Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) at a wavelength
of 570 nm. Values are expressed as mean ± SEM of three quadruplicate
experiments, * p<0.05, ** p<0.01, *** p<0.001 as determined by one way
ANOVA with Dunnett’s post-hoc correction.

Compared with the toxicity pattern for normal bile acids, addition of

3-trifluoromethyl group increases their cytotoxicity in a manner that

corresponds precisely to the order of their calculated hydrophobicity from

RPTLC.
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4.8 Conclusions

Bile acids are known to induce cell death through a variety of pathways that

are related to their detergency and non-specific cell surface effects. However

apoptosis in response to bile acids occurs at lower concentration than the

CMC at which detergency effects are expected. The Gilmer group have

studied a range of bile acid derivatives to detect their potential to interact with

specific protein mediators in propagating a cell death signal (as opposed to

non-specific detergency effects). One of the better examples of this is the 3α

ethyl sulfonamide analogue of UDCA 29 which is potently cytotoxic across

multiple cell lines, whereas its methyl and propyl analogues are not. Indeed the

UDCA analogue was more toxic than its DCA sulfonamide isomer and is

perhaps the most potently cytotoxic bile acid or bile acid analogue discovered.

The present study extents the SAR knowledge of this class showing that

substitution on the 24-carboxylic acid with amide does not enhance activity (as

it had in the 3α- and 3β- azido steroids already published). However the work

showed that the carboxylic acid is not essential since it could be reduced to

alcohol without compromising activity. This may be useful for the design of

cytotoxic bile acid analogues for potential use in cancer treatment or indeed for

investigating the mechanism of bile acid – induced cell death which remains

obscure. For the application of compounds in this context their effect on FXR

as principal bile acid receptor was considered interesting. The compounds

were shown not to activate FXR although several may have antagonist effects

that could be further investigated. In a final attempt to generate compounds

with sub-micromolar toxicity, the sulfonamide design explored in the earlier

part of the chapter was replaced with trifluoromethyl. This had the expected

effect of increasing hydrophobicity across the panel of UDCA, CDCA and DCA,

and increasing toxicity but these analogues were still less toxic than the

sulfonamide compounds that were characterized earlier. The 3α orientation of

the trifluoromethyl installation was determined by a variety of NMR methods.
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Chapter 5. Towards targeted bile acid conjugates
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5.1 Studies on dansyl and dansyl taurine compounds
5.1.1 Introduction

The dansyl group has been widely used as a fluorescent reporter in diverse

applications. The dansyl group, in which dimethylamino moiety functions as a

donor part and naphthalene sulfonyl as an acceptor part, exhibits intense

absorption bands in the near UV and a strong fluorescence in the visible region
[477]. Dansyl chloride (5-dimethylamino-1-naphthalenesulfonyl chloride) itself is

a fluorescence dye for fluorescence labeling of albumin and primary and

secondary amines [478] and reaction of dansyl chloride with both aliphatic and

aromatic amines produces blue- or blue-green fluorescent sulfonamide

adducts [479]. This dye exhibits the advantage of not overlapping with

commonly used fluorophores for labeled targets. It was then routinely applied

in protein analysis for determining terminal amino acids. Thus, the binding of

the dansyl group to an amino acid offers many advantages, for example, the

conjugates have strong fluorescence, relatively long emission wavelength and

good solvatochromism [480]. These small fluorescent molecules display

convenient photophysical properties for monitoring different physiological

functions. Besides, it has been demonstrated that derivatization can make

slight changes to the parent compounds which do not affect significantly their

physiological behavior [481]. Fluorescent bile acid derivatives have been applied

to monitor several functional aspects of steroids, transport properties [482], for

example, dansyl derivatives of DCA have been found to monitor the kinetics of

bile acid transport [483] and bile acid-HSA interaction, an important parameter

for liver function test [484].

Figure 5.1- Molecular structure of dansyl fluorophore [477]. The
dimethylamino moiety acts as an electron donor whereas the naphthalene
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sulfonyl group functions as an acceptor. Here, R = Cl (dansyl chloride) or R =
NHCH2COOH (dansyl glycine).

Dr. Ferenc Majer and Dr. Jason Galvin in the Gilmer group previously carried

out work on C3-dansyl compounds such as those shown below in Figure 5.2.

One of the findings was that these compounds undergo extensive rapid

cellular uptake that is apparently active (temperature dependent) but not

through a transporter protein. Surprisingly, in further studies, it was found that

the uptake rate and extent of the dansyl compounds was far greater than the

natural bile acids from which they are derived. In responding to the

observations made in Chapter 4, and apparent ceiling on non-specific bile acid

toxicity, the purpose of present study was to investigate the possibility for using

dansyl bile acid uptake properties to design compounds that can specifically

target tumor cells with a toxic payload. First compounds 57 and 59 and taurine

conjugated derivatives 58 and 60 were prepared and evaluated for their

intrinsic toxicity.
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Figure 5.2- The chemical structure of 3α-Dansyl UDCA 57 and 3α-Dansyl
DCA 59 and their corresponding taurine conjugated derivatives 50 and
60.

The synthetic approach adopted to these compounds was similar to that has

been reported in our previous work on 3α-dansyl moiety of UDCA and DCA
[485].
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Scheme 5.1- The synthetic route for 3α-dansyl UDCA 57 and its taurine
conjugated form 59.

This synthetic route mainly involves the replacement of 3-OH with nitrogen

containing group but with retention of configuration. Treatment of the starting
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material with NBS in the presence of triphenylphosphine afforded the

corresponding 3β-Br, which could be converted to 3α-azide via SN2

substitution. Pd/C reduction with hydrogen gas gave primary amine and

amidation with dansyl chloride was performed in sequence to avoid the

unstable primary amine degradation. This was followed by ester hydrolysis

with sodium hydroxide solution. Synthesis of bile acid taurine conjugates with

standard amide coupling technology can be challenging. The final yields are

usually poor because of either low conversion or complicated purification due

to the high polarity of the ionised sulfonic acid. A recently developing coupling

reagent called COMU [486], a safe and effective peptide coupling agent, was

found to enable simple conversion to final compounds 58 and 60 and give

taurine conjugates in excellent yield (80–85%) as the water soluble byproducts

could be washed away in the workup.

5.1.2 Toxicity characterisation of dansyl compounds in Huh-7 cells

In order to characterize the relative toxicity of the dansyl and dansyl taurine

compounds, the Alamar Blue assay was used to determine the % cell viability,

following treatment of the Huh-7 cell line. Stock solutions of the bile acid

compounds were prepared in DMSO and they were diluted to 100 µM with

supplement free medium (with 1% DMSO). The % cell viability was measured

after incubating for 24 h and was calculated versus vehicle treated control,

which was treated with same amount of DMSO (1% in assay medium). Here

UDCA was used as reference. Each experiment was carried out in

quadruplicate and repeated three times to get twelve data points in total for

each drug solution. The data are presented in Figure 5.3 below.



196

Figure 5.3- A measurement of intrinsic toxicity of dansyl and dansyl
taurine bile acids in Huh-7 cells. Huh-7 cells were seeded into 96 well plates
at a density of 1×105 cells/ml, and then treated with 100 µM bile acids solution
for 24 h. Cells were then treated with 10 µl Alamar Blue reagent in an amount
equal to 10% of the volume in the well and incubated for 2 h in the dark. The
assay was normalised to 1% DMSO vehicle control and absorbance of each
well was read on a VERSAmax Microplate Reader (Molecular Devices,
Sunnyvale, CA, USA) at a wavelength of 570 nm. Values are expressed as
mean ± SEM of three quadruplicate experiments, * p<0.05, ** p<0.01, ***
p<0.001 as determined by one way ANOVA with Dunnett’s post-hoc correction.

From Figure 5.3, it is clear that incorporation of dansyl moiety slightly reduces

the % cell viability after 24 h compared with natural bile acids. Conjugation with

taurine, however, reduces the overall toxicity of dansyl compounds, which

means taurine-conjugated bile acids were less toxic than their unconjugated

counterparts [487]. The result are promising for the application of the

compounds as fluorescence reports, however the dansyl group imparts

insufficient cellular toxicity compared with the ethyl sulfonamide studied in the

previous chapter. Considering that the dansyl reporter group in this series was

however known to impart active transport and uptake, we decided to

investigate the replacement of the dansyl group with a toxic warhead that has

similar overall shape characteristics for active uptake. Chlorambucil, an

aromatic mustard will be investigated in the following content.
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5.2 Design and development of cell-targeted cytotoxics

5.2.1 Cytotoxic-bound steroid conjugates

Chemotherapy has been the main method for treatment of cancer patients

since the middle of the 20th century. The long-standing limitation to most

cancer-chemotherapeutic agents is that they are not selective in their action

against cancer cells and they often lead to side effects in therapeutic dose

caused by the acute toxicity of the agents towards normal cells and tissues.

Insufficient accumulation of drugs within the tumor cells is also a big issue.

Besides, they are also restricted by multi-drug resistance of tumor cells and a

large dose of drug can be required to achieve adequate local concentration.

However, with the advent of monoclonal antibodies, which recognize antigens

related to many types of human cancers, over the past 15 years, cancer

treatment has shifted from conventional chemotherapy towards receptor-target

chemotherapy (selective chemotherapy) considering the non-specific toxicity

of most chemotherapeutic agents against normal cells. The conjugation of an

anticancer molecule with a steroid towards its cognate receptor can be more

selective and less toxic than the non-target approach [488–490]. An important

approach to enhance the profile of an anticancer drug is to conjugate selected

chemotherapeutic agents (warhead) to various carriers/targeting motif,

including estrogen, peptide and steroid hormones via the enzyme-labile bond

or spacer molecules, which can preferentially recognize tumor cells [491–493].

The advantage of this design is that cytotoxic agents can be specifically

targeted to receptors and thus selectively delivered to the nucleus of the

cancerous cells where they exert their cytotoxic effect [494–496] because these

conjugates recognize the intrinsic morphological and physiological differences

between cancerous and normal cells. This has the potential to increase or

prolong therapeutic concentrations in the target cancerous area, compared to

the normal tissues or cells, and peripheral toxicity would be significantly

reduced. Targeted chemotherapy also provides possibility for overcoming
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intrinsic resistance of some tumors to traditional chemotherapeutic agents [497].

The coupling of cytotoxic agents to steroidal skeletons has been studied since

the late 1960s. The first hormone targeting chemotherapeutic agents

developed for the treatment of cancer used estrogens as carriers for various

alkylating agents. Nitrogen mustard compounds were chemically bound to

carrier estrogens for improving cytotoxicity and selectivity on estrogen-positive

cells. The clinical application of estramustine (Emcyt®, synthesized in the

1960s), is an early example of hormonally targeted chemotherapeutic drug

effective against breast cancer and advanced prostate cancer [498]. It is a

conjugated derivative of a potent estrogen named estradiol and a nitrogen

mustine moiety called chlormethine. The design of these cytotoxic estrogen

derivatives was based on the mechanism that linking 17β-estradiol with the

alkylating agent would promote the transport of the cytotoxic agent directly to

the nucleus of tumor cells by targeting active estrogenic hormone receptors

with high affinity [499]. This would result in improved specificity and efficacy for

the target cells, and at the same time, reducing overall toxicity [500]. In general,

targeting hormone dependent tumors through the estrogen receptor is an

effective strategy in the development of more potent cancer chemotherapy

agents [501].

Figure 5.4- The chemical structure of Estramustine. It is a synthetic
compound linking the 3-hydroxyl group of 17β-estradiol with the carboxyl
group of bis (2-chloroethyl)carbamic acid through a carbamate link.

Drug-bile acid conjugates have been synthesized based on this idea at first

proposed in 1982. Pioneering work in developing bile acid-derived prodrugs
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origins from the research team of Kramer, who studied bile acid drug

conjugates [7][525]. Bile acid-based drug conjugates are discussed as delivery

systems for anticancer drugs and therapeutic peptides [502]. Bile acids are

selected as effective carrier and absorption enhancer because of their

biological compatibility and favorable toxicity profiles [503]. Bile acids are

selectively taken up into the liver by the specific transporters in the hepatocyte

plasma membrane and specific interaction with hepatic and ileal bile acid

transporters could in principle be achieved for drug-bile acid conjugates. In

drug-bile acid conjugates the bile acid moiety increases affinity of the

conjugates to bile acid transporters.

5.2.2 Nitrogen mustards and chlorambucil

The most suitable target for receptor-based cytotoxic agents used for

chemotherapy against cancer is DNA. Many effective drugs used for the

treatment of cancer have a common feature of alkylating DNA [504]. Alkylation of

DNA occurs through three different mechanisms: 1) attaching alkyl groups to

DNA bases, leading to the repression of DNA synthesis and RNA transcription

due to the altered DNA, 2) DNA damage via the formation of cross-links, and 3)

the mispairing of nucleotides.

Nitrogen mustards were among the first chemotherapeutic drugs for cancer

treatment. They are types of drugs showing very potent antineoplastic effects

and highly effective in the treatment of Hodgkin disease, lung, ovarian and

breast cancers as well as several lymphomas [505]. Nitrogen mustards present

a major class of alkylating agents derived from mustard gas, which are

commonly used in the treatment of cancer since the discovery of their

anticancer effect in 1942, however their poor selectivity to cancer cells, high

toxicity, and limited therapeutic activity restricts their further clinical application.

Nitrogen mustards are a kind of bio-alkylating agent which can form electron

deficient intermediates with active electrophilic groups. They finally lead to

https://en.wikipedia.org/wiki/Mustard_gas


200

blockade of cell division by reacting with DNA, cross linking two DNA strands

and preventing DNA duplication. The mechanism of action arises from the

presence of an N, N-bis (2-chloroethyl)-amine group. They show the highest

toxicity by binding to N-7 on the DNA base guanine, the preferred site of initial

attack [506–509]. The formed cross-linking is irreversible and leads to cellular

apoptosis.

Nitrogen mustards alkylate DNA in two steps [510]. Firstly, they undergo a first

order SN2 intramolecular cyclization at neutral or alkaline condition by single

step and an unstable aziridinium cation is formed. The aziridinium ion is highly

reactive towards the DNA of cancer cells as well as normal cells. In the second

step, a monoalkylation adduct is produced from the strained aziridinium cation

through SN2 mechanism. The mechanism repeats again on the other side to

resulting in cross linking between two DNA strands.

Figure 5.5- The mechanism of Guanine Alkylation by Nitrogen Mustards
[511]. Nitrogen mustard alkylating agents react with DNA in a sequence
selective manner.

Due to its high reactivity and cytotoxicity, numerous modifications have been

made to improve its efficacy and selectivity. Combination of nitrogen mustards

with a steroidal hormone with affinity for its receptor leads to the improvement

in activity, safety, pharmacokinetics and pharmacodynamics of the leading

compounds [512, 513]. Among all the conjugated molecules, steroid

hormone-nitrogen mustard combination has been found to be the most

successful in vivo [514]. It can be imagined that a lipophilic steroid carrier

molecule would aid transport of the nitrogen mustards more effectively to
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specific target.

The first reported nitrogen mustard compound was bis (2-chloroethyl) sulfide

(known as mustard gas), used as poison gas in the Second World War.

Mechlorethamine was the first nitrogen mustard introduced in clinical practice

and the first cytotoxic agent to show antineoplastic activity. However, it is

cytotoxic and induces several severe side effects, for example, severe injuries

to the eyes, respiratory tract and skin [515] and severe gastrointestinal and bone

marrow depression.

Chlorambucil was among the first drugs in the treatment of cancer and it is first

line anti-cancer agent in the management of various types of tumors.

Chlorambucil (N, N-bis(2-chloroethyl)-p-aminophenylbutyric acid, see Figure

5.6) is an acidic aromatic derivative of nitrogen mustard synthesized by Everett

et al. in 1953. It is also known as the drug Leukeran®. It is clinically used in the

treatment of Hodgkin's disease, chronic lymphocytic leukaemia (CLL) and

PBC as well as some types of lymphoma. Its clinical use is limited as it causes

toxic side effects, for example, bone marrow suppression, immune system

injure, vomiting, nausea and increased risk of infection [516]. It is available in

tablets of 2 mg. The daily dose ranges from 2 to 10 mg, and often given long

term.

Figure 5.6- The chemical structure of chlorambucil. It is a monocarboxylic
acid that is butanoic acid substituted at position 4 by a
4-[bis(2-chloroethyl)amino]phenyl group.

The mechanism of anti-tumor effect of chlorambucil relates to its ability to

alkylate DNA by cross-linking guanine bases in DNA double helix strands [517]

(the primary mechanism involves the formation of N7G:N7G crosslinks),
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making the strands unable to uncoil and separate. As this is important in DNA

replication during all phases of cell cycle, cells can no longer divide. Although it

is classified as a cytostatic drug (stops cell division) the DNA damage via the

formation of cross-links may induce apoptosis. Cellular apoptosis is associated

with activation of an apoptosis promoter Bcl-2 protein and activation of p-53

protein (see Figure 5.7).

Figure 5.7- The mode of mechanism of the anti-tumor effect of
chlorambucil [518].

Although it is much less toxic than most other nitrogen mustards, there is

sufficient evidence for the carcinogenicity of chlorambucil and it remains listed

as a known carcinogen. Besides, dose and duration of treatment were

considered to be two important determinants of chlorambucil from several

clinical trials [519]. The problem of drug resistance is a key challenge restricting

the application of chlorambucil [520].

Improving the therapeutic properties of chlorambucil by exploring tumor

specific targeting of drug delivery became a hot topic in recent years. Bile acid

chlorambucil conjugates have been investigated to address the problems of

poor drug delivery and drug resistance. This belongs to a broader field of

harnessing the well characterized selective uptake of bile acids to target cells.

From early 1990s, much efforts were focused on using the C-3 position on the
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steroid nucleus based on the analysis of the SAR for the relevant transporters
[521]. Indeed Kramer et al. employed taurocholic acid as a carrier in an attempt

to deliver chlorambucil to hepatocytes [522]. Chlorambucil can be conjugated to

bile acids via either an ester or peptide bond in a way that conserves the

negatively charged side chain of natural bile acid that is critical for active

uptake [523]. The covalent coupling of chlorambucil to bile acids has potential to

improve intracellular accumulation of this cytostatic drug [524, 525] as the

conjugates can be taken up into the liver by transporter proteins on the

hepatocyte membrane. Such approaches would in principle also retain to an

extent chlorambucil in the liver system avoiding kidney partitioning and

elimination. Transport of bile acid chlorambucil-taurocholate conjugate by

NTCP and OATP present in human liver cancer cells (HCC) [526] demonstrated

in principle that cytostatic agents coupled to bile acids could be a

chemotherapeutic approach to treat HCC in humans. However a serious

challenge to selectivity in this approach is the reduced expression of NTCP

and OATP on liver cancer cells compared with normal liver cells, with potential

for effects opposite to what is intended [527].

In this study, we focused on the synthesis of bile acid chlorambucil conjugates

shown in Figure 5.8 based on the rapid and extensive uptake of the dansyl

compounds described earlier in the chapter, which had little toxicity. Following

initial synthetic studies preliminary, biological evaluations of their effect on cell

viability were carried out to determine if the bile acid modified the profile of the

payload drug. The partitioning of these substances into liver cells was studied

using HPLC.
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Figure 5.8- Chemistry strategy in replacement of the dansyl group with a
toxic payload, chlorambucil. UDCA chlorambucil conjugate 61 and DCA
chlorambucil conjugate 63 have potential as chemotherapeutics in
hepatocellular carcinoma.

5.2.3 Design and synthesis of bile acid chlorambucil conjugates

The synthesis of these chlorambucil bound bile acid was based on the amide

bond formation (-NHCO-) between chlorambucil and a linker-modified

CDCA/DCA ester to mimic the amide bond in the dansyl compounds. Thus,

chlorambucil conjugated UDCA 61 was synthesized from UDCA azide 5

through Pd/C reduction, HOBt·DCC coupling and final deprotection step

(Scheme 1). A similar synthetic approach was adopted to the chlorambucil

conjugated DCA 63.
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Scheme 5.2- The synthetic route for the synthesis of UDCA chlorambucil
conjugate 61.

The first step in the synthetic approach was the Pd/C reduction into amine over

H2. After 24 h, TLC showed 100% conversion of the starting material. The TLC

plate was developed in hexane: EtOAc= 5:1 with vanillin solution used for
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detection and a big spot was found on the baseline, consistent with formation

of the amine intermediate.

Reaction of chlorambucil with the amino bile acid derivative methyl ester, using

conventional HOBt and DCC as condensing agents (Steglich esterification),

gave the product in good yield [528]. The formation of chlorambucil amide was

followed by TLC using hexane: EtOAc=2:1 as the mobile phase. The crude

product was purified by flash chromatography to yield UDCA chlorambucil

amide 62 as brown foam (63%).

UDCA-chlorambucil amide was treated with 2M aq. NaOH solution in methanol

(pH=14) under reflux condition for overnight with no success probably because

of hydrolysis of the amide linkage [529]. The protected UDCA chlorambucil

adduct in THF was treated with a 2 N aq. solution of LiOH in MeOH/H2O to

pH~10 and stirred for 6-8 h until TLC analysis showed the hydrolysis was

complete. The crude product was then purified by flash chromatography

(hexane: EtOAc=1:2) to afford final UDCA chlorambucil conjugate 61 as a

white solid (50%). Two newly synthesized bile acid conjugates as well as the

parent drug chlorambucil were screened for cytotoxicity test in the Huh-7 cell

line using the colorimetric MTT assay. The purpose of this study was to

investigate putative mechanisms of action of chemotherapy with chlorambucil

and bile acid chlorambucil conjugates against cancer cell line, here Huh-7 cell

line.

5.2.4 Toxicity characterisation of chlorambucil bound bile acids in Huh-7

cells

The effect of drug chlorambucil and adducts 61 and 63 on cell viability was

determined in the relevant cell lines using the Alamar Blue assay. We

studied % cell viability effects on the Huh-7 cell line. Stock solutions of the test

compounds were prepared in DMSO and these were diluted to 100 µM with

supplement free medium (with 1% DMSO). The % cell viability was measured
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after incubating for 24 h and it was calculated versus vehicle treated control,

which was treated with same amount of DMSO (1% in assay medium). Here

UDCA is used as the reference in this experiment. Each experiment was

carried out in quadruplicate and repeated three times to get twelve data points

in total for each drug solution. The data are presented in Figure 5.9 below.

Figure 5.9- A measurement of toxicity of chlorambucil bound bile acids.
Huh-7 cells were seeded into 96 well plates at a density of 1×105 cells/ml, and
then treated with 100 µM bile acids solution for 24 h. Cells were then treated
with 10 µl Alamar Blue reagent in an amount equal to 10% of the volume in the
well and incubated for 2 h in the dark. The assay was normalised to 1% DMSO
vehicle control and absorbance of each well was read on a VERSAmax
Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) at a wavelength
of 570 nm. Values are expressed as mean ± SEM of three quadruplicate
experiments, * p<0.05, ** p<0.01, *** p<0.001 as determined by one way
ANOVA with Dunnett’s post-hoc correction.

From Figure 5.9 above, the bile acid chlorambucil conjugates show increased

overall effect on cell viability compared to chlorambucil. The parent drug had

weak activity in the Huh-7 cell line resulted in 14.1 % ± 1.499% of cell viability

reduction compared with vehicle treated. UDCA and DCA chlorambucil

conjugates show some cytotoxicity effect on Huh-7 cells after incubating for 24

h, causing 19.83% and 27.93% cell reduction respectively. Chlorambucil is

frequently classified as a cytostatic rather cytotoxic drug and therefore its
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effect in a cell viability assay depends on the extent of cell division or doubling

time of the cell line.

Therefore Huh-7 cells were treated again, this time for 48 h with the same test

articles and otherwise similar conditions to assess the effect over further

proliferation time.

Figure 5.10- Further results of toxicity screen of chlorambucil and
chlorambucil bound bile acids in huh-7 cells. Huh-7 cells were seeded into
96 well plates at a density of 1×105 cells/ml, and then treated with 100 µM bile
acids solution for 48 h in this case. Cells were then treated with 10 µl Alamar
Blue reagent in an amount equal to 10% of the volume in the well and
incubated for 2 h in the dark. The assay was normalised to 1% DMSO vehicle
control and absorbance of each well was read on a VERSAmax Microplate
Reader (Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 570 nm.
Values are expressed as mean ± SEM of three quadruplicate experiments, *
p<0.05, ** p<0.01, *** p<0.001 as determined by one way ANOVA with
Dunnett’s post-hoc correction.

There was no significant reduction in Huh-7 signal after treatment with

chlorambucil for 48 h compared with 24 h. In contrast, the bile acid conjugates

showed greater activity over the longer incubation time. UDCA chlorambucil by

around 30% (69.2% ± 1.235 % cell survival), The DCA chlorambucil conjugate,

caused cell viability loss of 72.1 % compared to 47.9 % at 24 h. Although a
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small study, the bile acid conjugates with chlorambucil appear to be worth

further investigation in that they have enhanced effect on cell viability

compared with the bile acids themselves and the parent nitrogen mustard.

Further studies could look at the concentration dependence of the effect and at

the mechanism and involvement of cell death in the effect.

5.2.5 Cellular uptake of the chlorambucil and bile acid chlorambucil

conjugates in Huh-7 cell line by HPLC

It was of interest to understand if the conjugation to the bile acids improved the

cell viability reducing effects of chlorambucil through increasing cellular uptake

or through some other effect for example by changing protein binding to a

modulator of cell survival/apoptosis.

There are three main ways that molecules move across a membrane and

these include passive diffusion (simplest mechanism), active transport (ATP

driven and require the aid of transporter) and endocytosis. UDCA and DCA are

in their free form generally taken up through so-called passive diffusion.

Although chlorambucil has been in medical use for many years, the

mechanism of its transport and cellular uptake remains incompletely

understood. Cellular uptake of chlorambucil does not proceed against a

concentration gradient [530]. The pKa value of chlorambucil is 5.8, causing the

drug to exist largely in the unionised form at upper intestinal pH. Cell culture

models, here tumorigenic Huh-7 cells, offer the possibility of using

pharmacological methods to gain more precise information on the

mechanisms of cellular uptake. The extent of cellular uptake of chlorambucil

the related bile acid conjugates into Huh-7 cells in this context was quantified

by a HPLC method with UV detection.

The uptake was studied by incubating solutions of the test articles, removing

the supernatant, washing and lysing the cells and analyzing both supernatant



210

and cell lysate portion using HPLC. Huh-7 cells were seeded into 24 well

plates at the cell density of 80,000 cells per well in a volume of 250 μl and

incubated for 48 h. The supernatant was removed and 250 μl of chlorambucil

or analogue compound (at 100 μM) in serum free medium was added to each

well and incubated for 30 min. The supernatant was then fully removed again

and added to Eppendorf tube A. The cells remaining in the wells were washed

with cold PBS twice to reduce non-specific binding effects (outside cells and

plastic). The washings were also analysed by HPLC to eliminate non-specific

binding contribution to the effects observed. RIPA lysis buffer (250 μl) was then

added to each well for 30 min. After 30 min, the mixture was removed and

collected into another Eppendorf tube B. These Eppendorf tubes collected

were stored at 4oC for further analysis. Supernatant and cell lysate

concentrations were determined by HPLC. They were diluted 1 in 1 with

mobile phase and the samples were centrifuged at 10,000 rpm for 10 min at

4oC to remove cell residues and to precipitate the cellular debris and

membrane proteins. The prepared samples were then measured based on the

developed HPLC method and the results were calculated in the estimation of

expected concentrations versus the external reference standard controls, 100

μM chlorambucil, UDCA chlorambucil conjugate or DCA chlorambucil

conjugate. All of the experiments were performed in triplicate and carried out at

37oC. It was found that the water/ACN (50:50) mixture ratio with 0.1% formic

acid was the optimal mobile phase and the flow rate was set at 1.5 ml/min. The

detection wavelength was 254 nm and the retention times of drug chlorambucil,

UDCA chlorambucil conjugate and DCA chlorambucil conjugate were 5.4 min,

13.3 min and 24.8 min, respectively (see Figure 5.11).
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(a)

(b)

Figure 5.11- Chromatogram of chlorambucil (a) and DCA chlorambucil



212

conjugate (b) (100 μM) dissolved in mobile phase (water: ACN=1:1)
without any cell. The chromatograms show only single peak and no other
major peaks for any other metabolites.

The peak area found in the HPLC chromatograms can be quantitated into the

concentration of test articles compared with the standard injection

concentration (100 μM), therefore cellular uptake could be quantitatively

determined based on the variation of the peak area in the HPLC

chromatogram of supernatant versus the standard. Low levels of test articles

were found in the supernatant (Figure 5.12). The samples taken into PBS to

indicate non-specific binding were analysed by HPLC and in a similar manner

to the lysate and supernatant samples. The HPLC analysis indicated that a

small amount of the analytes remained on the bottom or inner wall of the 24

well plate after the supernatant was taken. However, washing the cells with

PBS after removal of supernatant made no difference to the following analysis

of cellular concentration after cell lysis, indicating negligible binding to the

plate.

Figure 5.12- Supernatant and lysate concentration of chlorambucil and
two bile acid chlorambucil conjugates after treating for 30 min.
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Work for the next stage was to compare the differences of supernatant and cell

lysate portion after treatment with chlorambucil, UDCA chlorambucil and DCA

chlorambucil for longer time, 6 h, 24 h and 48 h in order to explore the

difference. HPLC followed the same procedures as work that had been done

previously.

Decreasing concentrations of test articles in the supernatant over time

indicates more compounds were uptaken by Huh-7 cells with the prolonging of

incubation time (Figure 5.13a). Bile acid chlorambucil conjugates more rapidly

accumulated in cells and this probably relates to their physicochemical

property that they are hydrophobic and more readily to permeate through the

cell membrane.

UDCA and DCA chlorambucil concentrations in cell lysate reduce with the

increment of treatment time whereas concentration of chlorambucil increases

(Figure 5.13b). Besides, concentration of UDCA and DCA chlorambucil was

lower in cell lysate at 48 h compared to 24 h.

(a)
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(b)

Figure 5.13- Plots showing supernatant (a) and lysate concentration (b)
(Y axis) of chlorambucil and two bile acid chlorambucil adducts (X axis)
after treating for 6 h, 24 h and 48 h. They show the variations in
concentration of chlorambucil, UDCA chlorambucil and DCA chlorambucil
inside the supernatant and lysate portion, respectively, at each time.

A peak for chlorambucil was found on the HPLC chromtagram of bile acid

chlorambucil conjugate at 24 h and 48 h. This was not evident at 6 h indicating

that it results from cellular processing of the bile acid conjugates that is time

dependent. The graph plotted below (Figure 5.14) shows the decrease of bile

acid conjugates level and production of chlorambucil inside the cell lysate. This

suggests that that bile acid chlorambucil conjugates can be broken down by

Huh-7 cells into parent chlorambucil.
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Figure 5.14- Graph shows the variation of the levels of chlorambucil
produced and bile acid conjugates concentration inside cell lysate
versus the increment of treatment time.

Scheme 5.3- The production of chlorambucil in the conjugate treated
cells. It shows the reversal of the formation in chemistry by cleavaging the
amide bond to the reformation of parent chlorambucil.
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There is only a small increase in uptake of bile acid chlorambucil conjugate

relative to chloramucil and in any case the conjugates do not produce more

chlorambucil than the drug itself, therefore intracellular uptake attributed to

transport of chlorambucil bound bile acid or cellular availability of the parent

does not explain their higher antiproliferative activity. The reason for increased

cytoxicity of bile acid chlorambucil is not clear but likelihood of intrinsic toxicity

from the known structures of bile acid conjugates, which might relate to their

differences in physical properties such as solubility and permeability or

biochemical properties such as enzyme inhibition.

To sum up, human hepatocellular carcinomas cells as represented by Huh-7

are capable of mediating the uptake of chlorambucil conjugated bile acids,

proving the feasibility of bile acid drug conjugates in liver-specific drug

targeting [531]. Our study demonstrated a drug design approach to improve the

drug absorption and enhance the efficiency of native chlorambucil, as its bile

acid derivatives displayed higher intracellular accumulation and cytotoxicity

against liver cancer cell line. Tumor targeting with hormone peptides, estrogen,

androgen and bile acids provides a basis for the development of more effective

diagnostic and therapeutic approaches for cancer.
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Chapter 6. Experimental



218

6.1 Chemistry

6.1.1 General synthetic methods

All chemicals used in this project were purchased from Sigma-Aldrich (Dublin,

Ireland), excepted where stated. All chemical reactions were monitored by TLC.

Uncorrected melting points were measured using a Stuart SMP11 melting

point apparatus and were uncorrected. IR spectra were acquired on an Elmer

205 FT infrared Paragon 1000 spectrometer, with wavenumber given in unit

cm-1. 1H and 13C nuclear magnetic resonance (NMR) spectra were measured

at the temperature of 27oC on a Bruker DPX 400 and an Agilent 40MR DD2

spectrometer (400.13MHz, 1H; 100.61MHz, 13C) using tetramethylsilane (TMS)

as internal standard, in CDCl3. Coupling constants were measured in Hz. For
1H-NMR, chemical shifts were reported: shift value (number of protons,

multiplicity of the peak, coupling constants where applicable). Electrospray

ionization mass spectrometry (ESI-MS) was performed in the positive ion

mode on a liquid chromatography time-of-flight mass spectrometer

(Micromass LCT, Waters Ltd., Manchester, UK). Compound purity/accuracy

was confirmed using a combination of 1H-NMR, 13C-NMR, IR, melting point

and HR-MS. (Compound 1-13 are the important intermediate compounds but

not final products)

General procedure for the formation of 24-carboxylic
acid-3α-Boc-7β-hydroxyl-5β-cholanoate (3α-Boc UDCA 7):

24-methyl ester-3α, 7β-dihydroxy-5β-cholanoate (1)

To a solution of UDCA (5 g, 12.74 mmol) dissolved in MeOH (100 ml),

concentrated HCl (37%, 6.37 mmol, 0.2 ml) was added drop-wise. The mixture

was stirred at reflux (86oC) and allowed to react for overnight. The formation of

the UDCA methyl ester was followed using TLC analysis (Hexane: EtOAc=1:3).

When the reaction finished, the solvent was removed under reduced pressure

and then extracted with EtOAc (3×75 ml) and followed by washing with water

(2×100 ml) and brine (1×100 ml). The organic phase was dried over MgSO4,
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filtered and the solvent was removed under reduced pressure to yield a white,

odourless solid (4.90g, 12.05 mmol, 94.62%).

24-methyl ester-3α, 7β-diformyloxy-5β-cholanoate (2)

To a solution of (1) (4 g, 9.84 mmol) in formic acid (30 ml) was added several

drops of concentrated perchloric acid at 40oC. The mixture was allowed to heat

to 60oC with stirring for 30 min. When all the starting material was reacted, the

reaction mixture was poured into water and then extracted with EtOAc (3×75

ml) and washed with water (2×100 ml) and brine (1×100 ml), dried over MgSO4,

filtered and the solvent was removed under reduced pressure. The crude

product was purified by flash chromatography using Hexane: EtOAc=3:1 as

the mobile phase to yield a white foam (3.2 g, 6.92 mmol, 70.3%).

24-methyl ester-3α-hydroxyl, 7β-formyloxy-5β-cholanoate (3)

To a solution of (2) (3.2 g, 6.92 mmol) in MeOH (100 ml) was added sodium

bicarbonate (1.24 g, 14.72 mmol) in 3 times at 0oC within one hour and stirred

to RT for 7 h. When the starting material was reacted, the solvent was

removed under reduced pressure. The reaction mixture was then poured into

150 ml water and extracted with EtOAc (3×100 ml). The organic phase was

washed with water (2×100 ml) and brine (1×100 ml), dried over MgSO4, filtered

and the solvent was removed under reduced pressure. The crude product was

purified by flash chromatography using hexane: EtOAc=2:1 as the mobile

phase to yield a white solid (2.5 g, 5.72 mmol, 83.2%).

24-methyl ester-3α-bromo, 7β-formyloxy-5β-cholanoate (4)

PPh3 (2.55 g, 9.71 mmol) was added to a stirred solution of (3) (2.11 g, 4.856

mmol) in anhydrous THF (80 ml) and the mixture cooled to -18oC. NBS (1.73 g,

9.71 mmol) was added drop-wise to the reaction mixture and then allowed it

stir to RT for 6 h. When TLC showed no more starting material present, THF

was removed by rotary evaporator. The reaction mixture was poured into water
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(100 ml) and extracted with EtOAc (3×75 ml). The organic phase was washed

with brine (2×100 ml), dried over MgSO4, filtered and the solvent was removed

under reduced pressure. The product was purified with flash column

chromatography using hexane: EtOAc=7:1 as the mobile phase to yield

colourless oil (2.08 g, 4.18 mmol, 86.6%).

24-methyl ester-3α-azide, 7β-formyloxy-5β-cholanoate (5)

To a solution of (4) (2.00g, 4.02 mmol) in DMPU (50 ml), was added sodium

azide (2.61 g, 40.2 mmol) at RT. The reaction mixture was left stirring for 2 d

and then poured into water (100 ml) and extracted with EtOAc (3×75 ml). The

organic phase was washed with water (3×100 ml) and brine (1×100 ml) to fully

remove DMPU, dried over MgSO4, filtered and the solvent was removed under

reduced pressure. The residue was purified by flash column chromatography,

using 20% EtOAc in hexane as mobile phase. The yield product was white

foam (1.80 g, 3.92 mmol, 97.4%).

24-methyl ester-3α-tert-butyloxycarbonyl-7β-formyloxy-5β-cholanoate (6)

To a pre-reduced 10% Pd/C (0.1 g) in EtOAc (40 ml) was added a solution of

(5) (1.80 g, 3.92 mmol) and di-tert-dicarbonate (1.03 g, 4.7 mmol) in EtOAc (20

ml) and stirred under H2 at RT for 1 d. When all the starting material was

reacted, the reaction mixture was filtered through a celite pad and washed with

EtOAc. The solvent was removed under reduced pressure. The residue was

purified by flash column chromatography, using 20% EtOAc in hexane as

mobile phase. The yield product was white foam (1.45g, 2.72 mmol, 69.4%).

3α-tert-butyloxycarbonyl-7β-hydroxyl-5β-cholanoate (7)

To a solution of (6) (400 mg, 0.75 mmol) in MeOH (32 ml) was added 2M

NaOH solution (10 ml) at reflux and stirring for 4 h. When the reaction finished,

the solvent was removed under reduced pressure. The mixture was poured

into 1 M HCl (50 ml) and extracted with EtOAc (3×50 ml). The organic phase
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was washed with water (2×100 ml) and brine (1×100 ml), dried over MgSO4,

filtered and the solvent was removed under reduced pressure to yield white

foam (360 mg, 0.732 mmol, 97.6%).

24-butylamino-3α-tert-butyloxycarbonyl-7β-hydroxyl-5β-cholanoate (8)

To a solution of (7) (100 mg, 0.203 mmol) in dry DMF (10 ml) were added EDC

(180 μl, 1.017 mmol) and HOBt·H2O (0.138g, 1.017 mmol) at 0oC under N2

atmosphere for 3 h. When intermediate formed, butan-1-amine (30 μl, 0.305

mmol) was added drop-wise at 0oC and then stirred to RT for overnight.

Reaction completion was monitored by TLC using hexane:EtOAc=1:1 as the

mobile phase, then the mixture was poured into 1 M HCl solution (50 ml) and

extracted with EtOAc (3×50 ml). The organic phase was washed with water

(2×50 ml) and brine (1×50 ml), dried over MgSO4, filtered and the solvent was

removed under reduced pressure. The crude product was purified by column

chromatography using hexane: EtOAc=1:1 as the mobile phase to yield the

product as white foam (96 mg, 0.18 mmol, 86.3%).
1H-NMR δ (CDCl3): 0.63 (3H, s, 18-CH3), 0.88 (3H, s, 19-CH3), 0.91 (3H, d, J =

6.2 Hz, 21-CH3), 1.00-1.21 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.24-1.31 (3H,

m, 1-CH2, 20-CH), 1.32-1.39 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.40 (9H, s, COOC(CH3)3), 1.66-1.77 (4H, m, 15-CH2, 16-CH2), 1.78-1.86 (2H,

m, 22-CH2), 1.94-2.02 (2H, m, 22-CH2), 2.19-2.25 (2H, m, 23-CH2), 3.21 (2H, q,

NH-CH2), 3.34 (1H, m, 3β-H), 3.51 (1H, m, 7α-H), 4.42 (1H, d,

NH-COOC(CH3)3), 5.60 (1H, d, NH-CH2).

24-pyrrolidin-3α-tert-butyloxycarbonyl-7β-hydroxyl-5β-cholanoate (9)

To a solution of (7) (100 mg, 0.203 mmol) in dry DMF (10 ml) were added EDC

(180 μl, 1.017 mmol) and HOBt·H2O (0.138g, 1.017 mmol) at 0oC under N2

atmosphere for 3 h. When intermediate formed, pyrrolidine (25 μl, 0.305 mmol)

was added drop-wise at 0oC and then stirred to RT for overnight. Reaction



222

completion was monitored by TLC using hexane:EtOAc=1:2 as the mobile

phase, then the mixture was poured into 1 M HCl solution (50 ml) and

extracted with EtOAc (3×50 ml). The organic phase was washed with water

(2×50 ml) and brine (1×50 ml), dried over MgSO4, filtered and the solvent was

removed under reduced pressure. The crude product was purified by column

chromatography using hexane: EtOAc=1:2 as the mobile phase to yield the

product as white foam (88 mg, 0.162 mmol, 79.4%).
1H-NMR δ (CDCl3): 0.64 (3H, s, 18-CH3), 0.90 (3H, s, 19-CH3), 0.92 (3H, d, J =

6.2 Hz, 21-CH3), 1.00-1.22 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.25-1.31 (3H,

m, 1-CH2, 20-CH), 1.32-1.40 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.41 (9H, s, COOC(CH3)3), 1.67-1.77 (4H, m, 15-CH2, 16-CH2), 1.78-1.85 (2H,

m, 22-CH2), 2.13-2.18 (2H, m, 22-CH2), 2.28-2.33 (2H, m, 23-CH2), 3.41 (4H,

m, N-CH2), 3.45 (1H, m, 3β-H), 3.53 (1H, m, 7α-H), 4.38 (1H, d,

NH-COOC(CH3)3).

24-cyclopentylamino-3α-tert-butyloxycarbonyl-7β-hydroxyl-5β-
cholanoate (10)

To a solution of (7) (100 mg, 0.203 mmol) in dry DMF (10 ml) were added EDC

(180 μl, 1.017 mmol) and HOBt·H2O (0.138g, 1.017 mmol) at 0oC under N2

atmosphere for 3 h. When intermediate formed, cyclopentamine (30 μl, 0.305

mmol) was added drop-wise at 0oC and then stirred to RT for overnight.

Reaction completion was monitored by TLC using hexane: EtOAc=1:1 as the

mobile phase, then the mixture was poured into 1 M HCl solution (50 ml) and

extracted with EtOAc (3×50 ml). The organic phase was washed with water

(2×50 ml) and brine (1×50 ml), dried over MgSO4, filtered and the solvent was

removed under reduced pressure. The crude product was purified by column

chromatography using hexane: EtOAc=1:1 as the mobile phase to yield the

product as white foam (95 mg, 0.17 mmol, 83.6%).
1H-NMR δ (CDCl3): 0.62 (3H, s, 18-CH3), 0.89 (3H, s, 19-CH3), 0.91 (3H, d, J =

6.2 Hz, 21-CH3), 1.01-1.23 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.24-1.31 (3H,
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m, 1-CH2, 20-CH), 1.32-1.40 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.41 (9H, s, COOC(CH3)3), 1.64-1.76 (4H, m, 15-CH2, 16-CH2), 1.77-1.83 (2H,

m, 22-CH2), 1.97-2.05 (2H, m, 22-CH2), 2.15-2.21 (2H, m, 23-CH2), 3.35 (1H,

m, 3β-H), 3.51 (1H, m, 7α-H), 4.42 (1H, d, NH-COOC(CH3)3), 5.48 (1H, d, NH).

24-amino-3α-tert-butyloxycarbonyl-7β-hydroxyl-5β-cholanoate (12)

To a solution of (7) (100 mg, 0.203 mmol) in dry DMF (10 ml) were added EDC

(180 μl, 1.017 mmol) and HOBt·H2O (0.138g, 1.017 mmol) at 0oC under N2

atmosphere for 3 h. When intermediate formed, 28% ammonia solution (11.88

μl, 0.305 mmol) was added drop-wise at 0oC and then stirred to RT for

overnight. Reaction completion was monitored by TLC using hexane:

EtOAc=1:2 as the mobile phase, then the mixture was poured into 1 M HCl

solution (50 ml) and extracted with EtOAc (3×50 ml). The organic phase was

washed with water (2×50 ml) and brine (1×50 ml), dried over MgSO4, filtered

and the solvent was removed under reduced pressure. The crude product was

purified by column chromatography using hexane: EtOAc=1:2 as the mobile

phase to yield the product as white foam (80 mg, 0.1630 mmol, 80.3%).
1H-NMR δ (CDCl3): 0.65 (3H, s, 18-CH3), 0.91 (3H, s, 19-CH3), 0.93 (3H, d, J =

6.2 Hz, 21-CH3), 1.01-1.23 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.24-1.29 (3H,

m, 1-CH2, 20-CH), 1.31-1.39 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.41 (9H, s, COOC(CH3)3), 1.67-1.79 (4H, m, 15-CH2, 16-CH2), 1.81-1.90 (2H,

m, 22-CH2), 2.05-2.12 (2H, m, 22-CH2), 2.24-2.30 (2H, m, 23-CH2), 3.50 (1H,

m, 3β-H), 3.52 (1H, m, 7α-H), 4.46 (1H, d, NH-Boc), 5.63 (2H, d, NH2).
13C-NMR ppm (CDCl3): 12.1 (18-C, CH3), 14.2 (19-C, CH3), 18.5 (21-C, CH3),

21.1 (11-C, CH2), 23.5 (15-C, CH2), 26.9 (16-C, CH2), 28.4 (O-C-(CH3)3), 28.7

(2-C, CH), 31.7 (22-C, CH2), 32.9 (20-C, CH), 34.1 (10-C, CH), 35.0 (4-C, CH2),

35.4 (23-C, CH2), 35.6 (6-C, CH2), 36.8 (1-C, CH2), 39.3 (5-C, CH), 40.0 (8-C,

CH), 40.2 (12-C, CH2), 42.9 (9-C, CH), 43.7 (13-C, CH), 50.0 (14-C, CH), 55.0

(3-C, CH), 55.8 (17-C, CH), 71.3 (7-C, CH), 80.0 (O-C-(CH3)3), 155.0
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(NH-CO-O-C-(CH3)3), 176.2 (24-C, COOH).

24-cyclopropylamino-3α-tert-butyloxycarbonyl-7β-hydroxyl-5β-
cholanoate (13)

To a solution of (7) (100 mg, 0.203 mmol) in dry DMF (10 ml) were added EDC

(180 μl, 1.017 mmol) and HOBt·H2O (0.138g, 1.017 mmol) at 0oC under N2

atmosphere for 3 h. When intermediate formed, cyclopropylamine (21.4 μl,

0.305 mmol) was added drop-wise at 0oC and then stirred to RT for overnight.

Reaction completion was monitored by TLC using hexane:EtOAc=1:2 as the

mobile phase, then the mixture was poured into 1 M HCl solution (50 ml) and

extracted with EtOAc (3×50 ml). The organic phase was washed with water

(2×50 ml) and brine (1×50 ml), dried over MgSO4, filtered and the solvent was

removed under reduced pressure. The crude product was purified by column

chromatography using hexane: EtOAc=1:2 as the mobile phase to yield the

product as white foam (102 mg, 0.187 mmol, 92.1%).
1H-NMR δ (CDCl3): 0.64 (3H, s, 18-CH3), 0.89 (3H, s, 19-CH3), 0.92 (3H, d, J =

6.2 Hz, 21-CH3), 1.04-1.23 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.24-1.30 (3H,

m, 1-CH2, 20-CH), 1.31-1.40 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.41 (9H, s, COOC(CH3)3), 1.65-1.78 (4H, m, 15-CH2, 16-CH2), 1.79-1.86 (2H,

m, 22-CH2), 1.95-2.05 (2H, m, 22-CH2), 2.18-2.24 (2H, m, 23-CH2), 3.35 (1H,

m, 3β-H), 3.51 (1H, m, 7α-H), 4.43 (1H, d, NH-COOC(CH3)3), 6.08 (1H, d, NH).

24-butylamino-3α-methanesulfonamido-7β-hydroxyl-5β-cholanoate (14)

Compound (8) (100 mg, 0.183 mmol) was dissolved in 25% TFA/dry DCM (5

ml) and stirred for 30 min under N2 atmosphere at RT (followed by TLC

analysis using hexane: EtOAc=1:2 as mobile phase) and then the solvent was

removed under reduced pressure. The mixture was extracted with EtOAc

(2×50 ml) and then the solvent was evaporated. The crude product (80 mg,

0.179 mmol) was dissolved in anhydrous DCM (8 ml) and then the mixture was

cooled to 0oC. The solution of methanesulfonyl chloride (13.9 μl, 0.179 mmol)
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and Et3N (27.5 μl, 0.197 mmol) in dry DCM (2 ml) was added drop-wise to the

mixture and stirred overnight at RT. When all the starting material was reacted,

the crude product was purified by column chromatography using hexane:

EtOAc=1:2 as the mobile phase to yield the product as white foam (70 mg,

0.133 mmol, 72.9%).
1H-NMR δ (CDCl3): 0.66 (3H, s, 18-CH3), 0.91 (3H, s, 19-CH3), 0.94 (3H, d, J =

6.2 Hz, 21-CH3), 1.12-1.18 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.25-1.38 (3H,

m, 1-CH2, 20-CH), 1.39-1.56 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.72-1.79 (4H, m, 15-CH2, 16-CH2), 1.80-1.89 (2H, m, 22-CH2), 1.97-2.07 (2H,

m, 22-CH2), 2.18-2.24 (2H, m, 23-CH2), 2.95 (3H, s, S-CH3), 3.22 (2H, q,

HN-CH2), 3.26 (1H, m, 3β-H), 3.53 (1H, m, 7α-H), 3.98 (1H, d, NH), 5.38 (1H, t,

NH). 13C-NMR ppm (CDCl3): 12.1 (18-C, CH3), 14.2 (19-C, CH3), 18.6 (21-C,

CH3), 21.0 (11-C, CH2), 23.5 (15-C, CH2), 26.8 (2-C, CH), 28.6 (16-C, CH2),

29.0 (20-C, CH), 30.9 (NH-CH2-CH2), 31.1 (23-C, CH2), 33.9 (4-C, CH2), 35.3

(20-C, CH), 35.4 (10-C, CH), 35.7 (6-C, CH2), 36.7 (1-C, CH2), 39.2 (5-C, CH),

39.3 (NH-CH2-CH2), 40.1 (9-C, CH), 42.1 (12-C, CH2), 43.7 (S-CH3), 45.5

(13-C, CH), 46.7 (3-C, CH), 53.8 (14-C, CH), 55.8 (17-C, CH), 66.6 (7-C, CH),

177.8 (24-C, COOH). HRMS: Found: (M+H)+ = 524.3652, calculated

C29H52N2O4S+ =524.3648. IRvmax (ATR): 2930, 2864, 1736, 1698, 1382 cm-1.

24-butylamino-3α-ethanesulfonamido-7β-hydroxyl-5β-cholanoate (15)

Compound (8) (100 mg, 0.183 mmol) was dissolved in 25% TFA/dry DCM (5

ml) and stirred for 30 min under N2 atmosphere at RT (followed by TLC

analysis using hexane:EtOAc=1:2 as mobile phase) and then the solvent was

removed under reduced pressure. The mixture was extracted with EtOAc

(2×50 ml) and then the solvent was evaporated. The crude product (80 mg,

0.179 mmol) was dissolved in anhydrous DCM (8 ml) and then the mixture was

cooled to 0oC. The solution of ethanesulfonyl chloride (17 μl, 0.179 mmol) and

Et3N (27.5 μl, 0.197 mmol) in dry DCM (2 ml) was added drop-wise to the

mixture and stirred overnight at RT. When all the starting material was reacted,
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the crude product was purified by column chromatography using hexane:

EtOAc=1:2 as the mobile phase to yield the product as white foam (65 mg,

0.121 mmol, 66%).
1H-NMR δ (CDCl3): 0.66 (3H, s, 18-CH3), 0.91 (3H, s, 19-CH3), 0.94 (3H, d, J =

6.2 Hz, 21-CH3), 1.12-1.22 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.25-1.38 (3H,

m, 1-CH2, 20-CH), 1.39-1.56 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.72-1.79 (4H, m, 15-CH2, 16-CH2), 1.80-1.90 (2H, m, 22-CH2), 1.97-2.07 (2H,

m, 22-CH2), 2.18-2.24 (2H, m, 23-CH2), 3.02 (2H, m, S-CH2-CH3), 3.22 (2H, q,

HN-CH2), 3.26 (1H, m, 3β-H), 3.53 (1H, m, 7α-H), 3.98 (1H, d, NH), 5.38 (1H, t,

NH). 13C-NMR ppm (CDCl3): 2.2 (S-CH2-CH3), 12.6 (18-C, CH3), 14.0 (19-C,

CH3), 15.1 (NH-CH2-CH2-CH2-CH2), 18.4 (21-C, CH3), 23.0 (11-C, CH2), 23.6

(15-C, CH2), 25.0 (2-C, CH), 27.5 (16-C, CH2), 30.9 (22-C, CH2), 31.0

(NH-CH2-CH2-CH2-CH2), 34.0 (23-C, CH2), 34.2 (4-C, CH2), 34.3 (20-C, CH),

35.2 (10-C, CH), 36.2 (6-C, CH2), 37.1 (1-C, CH2), 39.3 (5-C, CH), 39.7

(NH-CH2-CH2), 40.5 (8-C, CH), 40.6 (12-C, CH2), 42.5 (9-C, CH), 43.7 (13-C,

CH), 47.2 (3-C, CH), 53.6 (14-C, CH), 55.0 (S-CH3), 55.8 (17-C, CH), 66.7

(7-C, CH), 172.7 (24-C, COOH). HRMS: Found: (M+H)+ =538.3808,

calculated C30H54N2O4S+ =538.3804. IRvmax (ATR): 2932, 2866, 1737, 1703,

1382 cm-1.

24-butylamino-3α-propanesulfonamido-7β-hydroxyl-5β-cholanoate (16)

Compound (8) (100 mg, 0.183 mmol) was dissolved in 25% TFA/dry DCM (5

ml) and stirred for 30 min under N2 atmosphere at RT (followed by TLC

analysis using hexane: EtOAc=1:2 as mobile phase) and then the solvent was

removed under reduced pressure. The mixture was extracted with EtOAc

(2×50 ml) and then the solvent was evaporated. The crude product (80 mg,

0.179 mmol) was dissolved in anhydrous DCM (8 ml) and then the mixture was

cooled to 0oC. The solution of propanesulfonyl chloride (20 μl, 0.179 mmol)

and Et3N (27.5 μl, 0.197 mmol) in dry DCM (2 ml) was added drop-wise to the

mixture and stirred overnight at RT. When all the starting material was reacted,
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the crude product was purified by column chromatography using hexane:

EtOAc=1:2 as the mobile phase to yield the product as white foam (75 mg,

0.136 mmol, 74.2%).
1H-NMR δ (CDCl3): 0.66 (3H, s, 18-CH3), 0.91 (3H, s, 19-CH3), 0.94 (3H, d, J =

6.2 Hz, 21-CH3), 1.14-1.23 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.26-1.38 (3H,

m, 1-CH2, 20-CH), 1.39-1.52(10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.71-1.78 (4H, m, 15-CH2, 16-CH2), 1.79-1.84 (2H, m, 22-CH2), 1.97-2.07 (2H,

m, 22-CH2), 2.16-2.21 (2H, m, 23-CH2), 2.96 (2H, m, S-CH2), 3.22 (2H, q,

HN-CH2-CH2), 3.26 (1H, m, 3β-H), 3.53 (1H, m, 7α-H), 3.93 (1H, d, NH), 5.37

(1H, t, NH). 13C-NMR ppm (CDCl3): 11.0 (S-CH2-CH2-CH3), 12.2

(S-CH2-CH2-CH3), 12.6 (18-C, CH3), 14.2 (19-C, CH3), 17.2

(NH-CH2-CH2-CH2-CH2), 18.5 (NH-CH2-CH2-CH2-CH2), 18.6 (21-C, CH3), 23.0

(11-C, CH2), 25.9 (15-C, CH2), 26.8 (2-C, CH), 28.3 (16-C, CH2), 30.7 (20-C,

CH), 31.0 (NH-CH2-CH2-CH2-CH2), 33.4 (23-C, CH2), 33.8 (4-C, CH2), 34.1

(20-C, CH), 34.7 (10-C, CH), 35.6 (6-C, CH2), 35.8 (1-C, CH2), 38.4 (5-C, CH),

39.3 (NH-CH2-CH2-CH2-CH2), 41.8 (8-C, CH), 42.5 (12-C, CH2), 43.3 (9-C,

CH), 45.4 (13-C, CH), 47.2 (3-C, CH), 51.5 (14-C, CH), 55.1 (17-C, CH),

63.4(S-CH2-CH2-CH3), 67.5 (7-C, CH), 176.2 (24-C, COOH). HRMS: Found:

(M+H)+ =522.3965, calculated C31H56N2O4S+ =552.3961. IRvmax (ATR): 2932,

2867, 1737, 1708, 1306 cm-1.

24-butylamino-3α-benzenesulfonamido-7β-hydroxyl-5β-cholanoate (17)

Compound (8) (100 mg, 0.183 mmol) was dissolved in 25% TFA/dry DCM (5

ml) and stirred for 30 min under N2 atmosphere at RT (followed by TLC

analysis using hexane:EtOAc=1:2 as mobile phase) and then the solvent was

removed under reduced pressure. The mixture was extracted with EtOAc

(2×50 ml) and then the solvent was evaporated. The crude product (80 mg,

0.179 mmol) was dissolved in anhydrous DCM (8 ml) and then the mixture was

cooled to 0oC. The solution of benzenesulfonyl chloride (23 μl, 0.179 mmol)

and Et3N (27.5 μl, 0.197 mmol) in dry DCM (2 ml) was added drop-wise to the
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mixture and stirred overnight at RT. When all the starting material was reacted,

the crude product was purified by column chromatography using hexane:

EtOAc=1:2 as the mobile phase to yield the product as white foam (60 mg,

0.102 mmol, 56%).
1H-NMR δ (CDCl3): 0.63 (3H, s, 18-CH3), 0.88 (3H, s, 19-CH3), 0.90 (3H, d, J =

6.2 Hz, 21-CH3), 1.05-1.23 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.26-1.39 (3H,

m, 1-CH2, 20-CH), 1.40-1.49(10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.71-1.77 (4H, m, 15-CH2, 16-CH2), 1.79-1.92 (2H, m, 22-CH2), 1.98-2.08 (2H,

m, 22-CH2), 2.17-2.25 (2H, m, 23-CH2), 3.07 (1H, m, 3β-H), 3.23 (2H, q,

N-CH2), 3.45 (1H, m, 7α-H), 4.76 (1H, d, NH), 5.59 (1H, t, NH), 7.48 (2H, m,

meta aromatic-H), 7.55 (1H, t, para aromatic-H), 7.84(2H, t, ortho aromatic-H).
13C-NMR ppm (CDCl3): 12.2 (18-C, CH3), 14.6 (19-C, CH3), 18.4 (21-C, CH3),

21.1 (11-C, CH2), 23.4 (15-C, CH2), 26.1 (2-C, CH), 26.9 (16-C, CH2), 31.8

(21-C, CH3), 35.5 (23-C, CH2), 35.5 (4-C, CH2), 35.7 (10-C, CH), 35.8 (20-C,

CH), 36.2 (6-C, CH2), 36.4 (1-C, CH2), 39.9 (NH-CH2-CH2-CH2-CH2), 40.4 (8-C,

CH), 40.5 (12-C, CH2), 43.5 (13-C, CH), 45.5 (3-C, CH), 53.7 (14-C, CH), 55.9

(17-C, CH), 66.7 (7-C, CH), 126.8 (aromatic-C, CH), 129.1 (aromatic-C, CH),

133.4 (aromatic-C), 141.9 (aromatic-C), 177.8 (24-C, COOH). HRMS: Found:

(M+H)+ =586.3808, calculated C34H54N2O4S+ =586.3804. IRvmax (ATR): 2932,

2868, 1737, 1704, 1616, 1382, 1306 cm-1.

24-pyrrolidin-3α-methanesulfonamido-7β-hydroxyl-5β-cholanoate (18)

Compound (9) (100 mg, 0.184 mmol) was dissolved in 25% TFA/dry DCM (5

ml) and stirred for 30 min under N2 atmosphere at RT (followed by TLC

analysis using hexane:EtOAc=1:2 as mobile phase) and then the solvent was

removed under reduced pressure. The mixture was extracted with EtOAc

(2×50 ml) and then the solvent was evaporated. The crude product (75 mg,

0.169 mmol) was dissolved in anhydrous DCM (8 ml) and then the mixture was

cooled to 0oC. The solution of methanesulfonyl chloride (13 μl, 0.169 mmol)

and Et3N (26 μl, 0.186 mmol) in dry DCM (2 ml) was added drop-wise to the
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mixture and stirred overnight at RT. When all the starting material was reacted,

the crude product was purified by column chromatography using hexane:

EtOAc=1:2 as the mobile phase to yield the product as white foam (68 mg,

0.13 mmol, 70.7%).
1H-NMR δ (CDCl3): 0.66 (3H, s, 18-CH3), 0.92 (3H, s, 19-CH3), 0.94 (3H, d, J =

6.2 Hz, 21-CH3), 1.05-1.23 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.26-1.38 (3H,

m, 1-CH2, 20-CH), 1.39-1.51 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.75-1.80 (4H, m, 15-CH2, 16-CH2), 1.81-1.95 (2H, m, 22-CH2), 2.10-2.19 (2H,

m, 22-CH2), 2.27-2.33 (2H, m, 23-CH2), 2.95 (3H, s, S-CH3), 3.25 (1H, m,

3β-H), 3.40 (4H, m, N-CH2), 3.54 (1H, m, 7α-H), 4.20 (1H, d, NH). 13C-NMR

ppm (CDCl3): 12.2 (18-C, CH3), 14.2 (19-C, CH3), 18.4 (21-C, CH3), 21.0 (11-C,

CH2), 21.2 (15-C, CH2), 23.5 (N-CH2-CH2), 26.9 (2-C, CH), 28.6 (16-C, CH2),

30.9 (22-C, CH2), 30.9 (23-C, CH2), 31.1 (4-C, CH2), 33.9 (20-C, CH), 35.3

(10-C, CH), 35.7 (6-C, CH2), 36.7 (1-C, CH2), 39.3 (5-C, CH), 40.1 (8-C, CH),

42.1 (12-C, CH2), 43.6 (S-CH3), 44.8 (9-C, CH), 45.2 (13-C, CH), 45.4 (3-C,

CH), 49.9 (N-CH2-CH2), 53.6 (14-C, CH), 55.0 (17-C, CH), 66.7 (7-C, CH),

176.2 (24-C, COOH). HRMS: Found: (M+H)+ =522.3495, calculated

C29H50N2O4S+ =522.3491. IRvmax (ATR): 2930, 2864, 1742, 1690, 1386 cm-1.

24-pyrrolidin-3α-ethanesulfonamido-7β-hydroxyl-5β-cholanoate (19)

Compound (9) (100 mg, 0.184 mmol) was dissolved in 25% TFA/dry DCM (5

ml) and stirred for 30 min under N2 atmosphere at RT (followed by TLC

analysis using hexane: EtOAc=1:2 as mobile phase) and then the solvent was

removed under reduced pressure. The mixture was extracted with EtOAc

(2×50 ml) and then the solvent was evaporated. The crude product (75 mg,

0.169 mmol) was dissolved in anhydrous DCM (8 ml) and then the mixture was

cooled to 0oC. The solution of ethanesulfonyl chloride (16 μl, 0.169 mmol) and

Et3N (26 μl, 0.186 mmol) in dry DCM (2 ml) was added drop-wise to the

mixture and stirred overnight at RT. When all the starting material was reacted,

the crude product was purified by column chromatography using hexane:
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EtOAc=1:2 as the mobile phase to yield the product as white foam (60 mg,

0.112 mmol, 60.8%).
1H-NMR δ (CDCl3): 0.67 (3H, s, 18-CH3), 0.94 (3H, s, 19-CH3), 0.97 (3H, d, J =

6.2 Hz, 21-CH3), 1.07-1.26 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.28-1.38 (3H,

m, 1-CH2, 20-CH), 1.39-1.57 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.76-1.80 (4H, m, 15-CH2, 16-CH2), 1.81-1.96 (2H, m, 22-CH2), 1.96-2.02 (2H,

m, 22-CH2), 2.17-2.22 (2H, m, 23-CH2), 3.00 (2H, m, S-CH2), 3.24 (1H, m,

3β-H), 3.40 (4H, m, N-CH2), 3.54 (1H, m, 7α-H), 3.96 (1H, d, NH). 13C-NMR

ppm (CDCl3): 8.60 (S-CH2-CH3), 12.1 (18-C, CH3), 14.2 (19-C, CH3), 18.4

(21-C, CH3), 21.0 (11-C, CH2), 23.3 (15-C, CH2), 26.2 (N-CH2-CH2), 28.6 (2-C,

CH), 30.1 (16-C, CH2), 30.8 (22-C, CH2), 30.9 (23-C, CH2), 33.8 (4-C, CH2),

34.0 (20-C, CH), 35.1 (10-C, CH), 36.6 (6-C, CH2), 37.1 (1-C, CH2), 39.8 (5-C,

CH), 40.2 (8-C, CH), 41.6 (12-C, CH2), 41.8 (9-C, CH), 43.3 (13-C, CH), 43.8

(3-C, CH), 47.2 (N-CH2-CH2), 51.5 (14-C, CH), 55.6 (17-C, CH), 60.4

(S-CH2-CH3), 66.6 (7-C, CH), 171.2 (24-C, COOH). HRMS: Found: (M+H)+

536.3653, calculated C30H52N2O4S+ =536.3648. IRvmax (ATR): 2932, 2866,

1740, 1700, 1380 cm-1.

24-pyrrolidin-3α-propanesulfonamido-7β-hydroxyl-5β-cholanoate (20)

Compound (9) (100 mg, 0.184 mmol) was dissolved in 25% TFA/dry DCM (5

ml) and stirred for 30 min under N2 atmosphere at RT (followed by TLC

analysis using hexane: EtOAc=1:2 as mobile phase) and then the solvent was

removed under reduced pressure. The mixture was extracted with EtOAc

(2×50 ml) and then the solvent was evaporated. The crude product (75 mg,

0.169 mmol) was dissolved in anhydrous DCM (8 ml) and then the mixture was

cooled to 0oC. The solution of propanesulfonyl chloride (19 μl, 0.169 mmol)

and Et3N (26 μl, 0.186 mmol) in dry DCM (2 ml) was added drop-wise to the

mixture and stirred overnight at RT. When all the starting material was reacted,

the crude product was purified by column chromatography using hexane:

EtOAc=1:3 as the mobile phase to yield the product as white foam (70 mg,
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0.126 mmol, 68.6%).
1H-NMR δ (CDCl3): 0.66 (3H, s, 18-CH3), 0.92 (3H, s, 19-CH3), 0.94 (3H, d, J =

6.2 Hz, 21-CH3), 1.02-1.22 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.28-1.40 (3H,

m, 1-CH2, 20-CH), 1.41-1.64 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.66-1.79 (4H, m, 15-CH2, 16-CH2), 1.80-1.87 (2H, m, 22-CH2), 2.13-2.19 (2H,

m, 22-CH2), 2.29-2.34 (2H, m, 23-CH2), 2.96 (2H, t, S-CH2), 3.21 (1H, m, 3β-H),

3.40 (4H, m, N-CH2), 3.54 (1H, m, 7α-H), 3.99 (1H, d, NH). 13C-NMR ppm

(CDCl3): 11.97 (S-CH2-CH2-CH3), 12.1 (18-C, CH3), 14.4 (19-C, CH3), 17.2

(S-CH2-CH2-CH3), 18.5 (21-C, CH3), 23.0 (11-C, CH2), 23.5 (15-C, CH2), 26.9

(N-CH2-CH2), 27.6 (2-C, CH), 28.6 (16-C, CH2), 30.9 (22-C, CH2), 31.0 (23-C,

CH2), 33.4 (4-C, CH2), 33.8 (20-C, CH), 35.2 (10-C, CH), 34.6 (6-C, CH2), 35.8

(1-C, CH2), 38.4 (5-C, CH), 41.8 (8-C, CH), 42.5 (12-C, CH2), 43.3 (9-C, CH),

45.4 (13-C, CH), 47.2 (3-C, CH), 49.2 (N-CH2-CH2), 51.4 (14-C, CH), 55.6

(17-C, CH), 63.0 (S-CH2-CH2-CH3), 67.5 (7-C, CH), 179.2 (24-C, COOH).

HRMS: Found: (M+H)+ =550.3808, calculated C31H54N2O4S+ =550.3804.

IRvmax(ATR): 2932, 2868, 1737, 1702, 1310 cm-1.

24-pyrrolidin-3α-benzenesulfonamido-7β-hydroxyl-5β-cholanoate (21)

Compound (9) (100 mg, 0.184 mmol) was dissolved in 25% TFA/dry DCM (5

ml) and stirred for 30 min under N2 atmosphere at RT (followed by TLC

analysis using hexane: EtOAc=1:2 as mobile phase) and then the solvent was

removed under reduced pressure. The mixture was extracted with EtOAc

(2×50 ml) and then the solvent was evaporated. The crude product (75 mg,

0.169 mmol) was dissolved in anhydrous DCM (8 ml) and then the mixture was

cooled to 0oC. The solution of benzenesulfonyl chloride (21.5 μl, 0.169 mmol)

and Et3N (26 μl, 0.186 mmol) in dry DCM (2 ml) was added drop-wise to the

mixture and stirred overnight at RT. When all the starting material was reacted,

the crude product was purified by column chromatography using hexane:

EtOAc=1:3 as the mobile phase to yield the product as white foam (75 mg,

0.128 mmol, 69.7%).
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1H-NMR δ (CDCl3): 0.63 (3H, s, 18-CH3), 0.88 (3H, s, 19-CH3), 0.92 (3H, d, J =

6.2 Hz, 21-CH3), 1.05-1.22 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.25-1.37 (3H,

m, 1-CH2, 20-CH), 1.38-1.64 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.66-1.90 (4H, m, 15-CH2, 16-CH2), 1.91-1.96 (2H, m, 22-CH2), 2.10-2.17 (2H,

m, 22-CH2), 2.31-2.34 (2H, m, 23-CH2), 3.06 (1H, m, 3β-H), 3.39 (4H, m,

N-CH2), 3.45 (1H, m, 7α-H), 4.66 (1H, d, NH), 7.48 (2H, m, meta aromatic-H),

7.55 (1H, t, para aromatic-H), 7.84 (2H, t, ortho aromatic-H). 13C-NMR ppm

(CDCl3): 12.1 (18-C, CH3), 14.4 (19-C, CH3), 18.6 (21-C, CH3), 21.1 (11-C,

CH2), 23.4 (15-C, CH2), 26.1 (N-CH2-CH2), 26.9 (2-C, CH), 28.6 (16-C, CH2),

31.2 (22-C, CH2), 31.8 (23-C, CH2), 35.5 (4-C, CH2), 35.4 (20-C, CH), 36.2

(10-C, CH), 36.4 (6-C, CH2), 38.4 (1-C, CH2), 39.9 (5-C, CH), 40.5 (8-C, CH),

43.6 (12-C, CH2), 45.5 (9-C, CH), 45.7 (13-C, CH), 46.7 (3-C, CH), 49.6

(N-CH2-CH2), 50.5 (14-C, CH), 55.1 (17-C, CH), 67.5 (S-CH2-CH2-CH3), 71.1

(7-C, CH), 126.8 (aromatic-C, CH), 129.1 (aromatic-C, CH), 132.5

(aromatic-C), 141.9 (aromatic-C), 216.6 (24-C, COOH). HRMS: Found: (M+H)+

=584.3653, calculated C34H52N2O4S+ =584.3648. IRvmax (ATR): 2932, 2868,

1740, 1702, 1618, 1382, 1310 cm-1.

24-cyclopentylamino-3α-methanesulfonamido-7β-hydroxyl-5β-
cholanoate (22)

Compound (10) (100 mg, 0.179 mmol) was dissolved in 25% TFA/dry DCM (5

ml) and stirred for 30 min under N2 atmosphere at RT (followed by TLC

analysis using hexane: EtOAc=1:2 as mobile phase) and then the solvent was

removed under reduced pressure. The mixture was extracted with EtOAc

(2×50 ml) and then the solvent was evaporated. The crude product (80 mg,

0.174 mmol) was dissolved in anhydrous DCM (8 ml) and then the mixture was

cooled to 0oC. The solution of methanesulfonyl chloride (13.5 μl, 0.174 mmol)

and Et3N (26.7 μl, 0.192 mmol) in dry DCM (2 ml) was added drop-wise to the

mixture and stirred overnight at RT. When all the starting material was reacted,

the crude product was purified by column chromatography using hexane:
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EtOAc=1:2 as the mobile phase to yield the product as white foam (68 mg,

0.126 mmol, 70.6%).
1H-NMR δ (CDCl3): 0.65 (3H, s, 18-CH3), 0.92 (3H, s, 19-CH3), 0.94 (3H, d, J =

6.2 Hz, 21-CH3), 1.03-1.22 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.23-1.38 (3H,

m, 1-CH2, 20-CH), 1.40-1.67 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.72-1.82 (4H, m, 15-CH2, 16-CH2), 1.83-1.92 (2H, m, 22-CH2), 1.95-2.02 (2H,

m, 22-CH2), 2.15-2.19 (2H, m, 23-CH2), 2.95 (3H, s, S-CH3), 3.24 (1H, m,

3β-H), 3.52 (1H, m, 7α-H), 3.55 (1H, m, NH-CH-CH2), 4.26 (1H, d, NH), 5.39

(1H, d, NH). 13C-NMR ppm (CDCl3): 12.1 (18-C, CH3), 14.2 (19-C, CH3), 18.4

(21-C, CH3), 21.1 (11-C, CH2), 23.9 (NH-CH-CH2-CH2), 26.9 (15-C, CH2), 27.8

(2-C, CH), 28.6 (16-C, CH2), 30.6 (22-C, CH2), 30.8 (NH-CH-CH2-CH2), 34.5

(23-C, CH2), 34.6 (4-C, CH2) 35.2 (20-C, CH), 35.3 (10-C, CH), 36.4 (6-C,

CH2), 37.2 (1-C, CH2), 38.6 (5-C, CH), 40.0 (9-C, CH), 40.2 (12-C, CH2), 42.9

(13-C, CH), 43.7 (S-CH3), 43.8 (3-C, CH), 51.5 (14-C, CH), 55.0 (17-C, CH),

55.9 (NH-CH-CH2-CH2), 67.5 (7-C, CH), 172.3 (24-C, COOH). HRMS: Found:

(M+H)+ =536.3653, calculated C30H52N2O4S+ =536.3648. IRvmax (ATR): 2930,

2864, 1742, 1700, 1382 cm-1.

24-cyclopentylamino-3α-ethanesulfonamid-7β-hydroxyl-5β-cholanoate
(23)

Compound (10) (100 mg, 0.179 mmol) was dissolved in 25% TFA/dry DCM (5

ml) and stirred for 30 min under N2 atmosphere at RT (followed by TLC

analysis using hexane:EtOAc=1:2 as mobile phase) and then the solvent was

removed under reduced pressure. The mixture was extracted with EtOAc

(2×50 ml) and then the solvent was evaporated. The crude product (80 mg,

0.174 mmol) was dissolved in anhydrous DCM (8 ml) and then the mixture was

cooled to 0oC. The solution of ethanesulfonyl chloride (16.5 μl, 0.174 mmol)

and Et3N (26.7 μl, 0.192 mmol) in dry DCM (2 ml) was added drop-wise to the

mixture and stirred overnight at RT. When all the starting material was reacted,

the crude product was purified by column chromatography using hexane:
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EtOAc=1:2 as the mobile phase to yield the product as white foam (68 mg,

0.123 mmol, 68.8%).
1H-NMR δ (CDCl3): 0.66 (3H, s, 18-CH3), 0.93 (3H, s, 19-CH3), 0.99 (3H, d, J =

6.2 Hz, 21-CH3), 1.03-1.22 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.26-1.38 (3H,

m, 1-CH2, 20-CH), 1.39-1.62 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.74-1.83 (4H, m, 15-CH2, 16-CH2), 1.84-1.90 (2H, m, 22-CH2), 2.21-2.29 (2H,

m, 22-CH2), 2.35-2.41 (2H, m, 23-CH2), 3.06 (2H, m, S-CH2-CH3), 3.36 (1H, m,

NH-CH-CH2), 3.78 (1H, m, 7α-H), 4.64 (1H, m, 3β-H), 6.12 (1H, d, NH).
13C-NMR ppm (CDCl3): 8.48 (S-CH2-CH3), 12.1 (18-C, CH3), 14.2 (19-C, CH3),

18.4 (21-C, CH3), 21.0 (11-C, CH2), 23.3 (NH-CH-CH2-CH2), 27.0 (15-C, CH2),

28.6 (2-C, CH), 28.8 (16-C, CH2), 30.1 (22-C, CH2), 30.8 (NH-CH-CH2-CH2),

30.9 (23-C, CH2), 31.1 (4-C, CH), 33.8 (20-C, CH), 35.1 (10-C, CH), 36.6 (6-C,

CH2), 37.1 (1-C, CH2), 39.8 (5-C, CH), 40.2 (8-C, CH), 40.4 (12-C, CH2), 41.6

(9-C, CH), 43.3 (13-C, CH) 43.7 (3-C, CH), 53.8 (14-C, CH), 54.8 (S-CH2-CH3),

55.1 (17-C, CH), 60.4 (NH-CH-CH2-CH2), 66.6 (7-C, CH), 172.3 (24-C, COOH).

HRMS: Found: (M+H)+ =550.3809, calculated C31H54N2O4S+ =550.3804.

IRvmax(ATR): 2932, 2868, 1738, 1701, 1386 cm-1.

24-cyclopentylamino-3α-propanesulfonamido-7β-hydroxyl-5β-
cholanoate (24)

Compound (10) (100 mg, 0.179 mmol) was dissolved in 25% TFA/dry DCM (5

ml) and stirred for 30 min under N2 atmosphere at RT (followed by TLC

analysis using hexane: EtOAc=1:2 as mobile phase) and then the solvent was

removed under reduced pressure. The mixture was extracted with EtOAc

(2×50 ml) and then the solvent was evaporated. The crude product (80 mg,

0.174 mmol) was dissolved in anhydrous DCM (8 ml) and then the mixture was

cooled to 0oC. The solution of propanesulfonyl chloride (19.6 μl, 0.174 mmol)

and Et3N (26.7 μl, 0.192 mmol) in dry DCM (2 ml) was added drop-wise to the

mixture and stirred overnight at RT. When all the starting material was reacted,

the crude product was purified by column chromatography using hexane:



235

EtOAc=1:1 as the mobile phase to yield the product as white foam (70 mg,

0.124 mmol, 69.1%).
1H-NMR δ (CDCl3): 0.65 (3H, s, 18-CH3), 0.90 (3H, s, 19-CH3), 0.93 (3H, d, J =

6.2 Hz, 21-CH3), 1.02-1.22 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.23-1.32 (3H,

m, 1-CH2, 20-CH), 1.33-1.59 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.72-1.81 (4H, m, 15-CH2, 16-CH2), 1.82-1.88 (2H, m, 22-CH2), 1.96-2.00 (2H,

m, 22-CH2), 2.17-2.19 (2H, m, 23-CH2), 2.95 (2H, t, S-CH2), 3.220 (1H, m,

3β-H), 3.53 (1H, m, 7α-H), 4.15 (1H, m, NH-CH-CH2), 4.20 (1H, d, NH), 5.41

(1H, d, NH). 13C-NMR ppm (CDCl3): 11.9 (S-CH2-CH2-CH3), 12.2

(S-CH2-CH2-CH3), 12.6 (18-C, CH3), 14.4 (19-C, CH3), 18.5 (21-C, CH3), 23.0

(11-C, CH2), 25.9 (NH-CH-CH2-CH2), 26.8 (15-C, CH2), 27.6 (2-C, CH), 28.3

(16-C, CH2), 30.7 (22-C, CH2), 31.0 (NH-CH-CH2-CH2), 33.4 (23-C, CH2), 33.6

(4-C, CH), 33.8 (20-C, CH), 34.2 (10-C, CH), 34.6 (6-C, CH2), 35.8 (1-C, CH2),

38.4 (5-C, CH), 41.8 (8-C, CH), 43.3 (12-C, CH2), 45.4 (9-C, CH), 47.2 (13-C,

CH), 48.1 (3-C, CH), 51.5 (14-C, CH), 54.9 (17-C, CH), 55.6

(NH-CH-CH2-CH2), 63.0 (S-CH2-CH2-CH3), 66.6 (7-C, CH), 178.7 (24-C,

COOH). HRMS: Found: (M+H)+ =564.3965, calculated C32H56N2O4S+

=564.3961. IRvmax (ATR): 2932, 2867, 1738, 1702, 1310 cm-1.

25-cyclopentylamino-3α-benzenesulfonamido-7β-hydroxyl-5β-
cholanoate (25)

Compound (10) (100 mg, 0.179 mmol) was dissolved in 25% TFA/dry DCM (5

ml) and stirred for 30 min under N2 atmosphere at RT (followed by TLC

analysis using hexane: EtOAc=1:2 as mobile phase) then the solvent was

removed under reduced pressure. The mixture was extracted with EtOAc

(2×50 ml) and then the solvent was evaporated. The crude product (80 mg,

0.174 mmol) was dissolved in anhydrous DCM (8 ml) and then the mixture was

cooled to 0oC. The solution of benzenesulfonyl chloride (22.3 μl, 0.174 mmol)

and Et3N (26.7 μl, 0.192 mmol) in dry DCM (2 ml) was added drop-wise to the

mixture and stirred overnight at RT. When all the starting material was reacted,
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the crude product was purified by column chromatography using hexane:

EtOAc=1:1 as the mobile phase to yield the product as white foam (80 mg,

0.133 mmol, 74.5%).
1H-NMR δ (CDCl3): 0.61 (3H, s, 18-CH3), 0.88 (3H, s, 19-CH3), 0.95 (3H, d, J =

6.2 Hz, 21-CH3), 0.97-1.23 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.25-1.32 (3H,

m, 1-CH2, 20-CH), 1.33-1.60 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.63-1.81 (4H, m, 15-CH2, 16-CH2), 1.82-1.90 (2H, m, 22-CH2), 1.96-2.06 (2H,

m, 22-CH2), 2.23-2.26 (2H, m, 23-CH2), 3.09 (1H, m, 3β-H), 3.47 (1H, m, 7α-H),

4.15 (1H, m, NH-CH-CH2), 4.74 (1H, d, NH), 5.54 (1H, d, NH), 7.49 (2H, m,

meta aromatic-H), 7.54 (1H, t, para aromatic-H), 7.87 (2H, t, ortho aromatic-H).
13C-NMR ppm (CDCl3): 12.0 (18-C, CH3), 17.2 (19-C, CH3), 18.3 (21-C, CH3),

21.1 (11-C, CH2), 23.3 (NH-CH-CH2-CH2), 25.8 (15-C, CH2), 28.3 (2-C, CH),

28.9 (16-C, CH2), 30.9 (22-C, CH2), 31.0 (NH-CH-CH2-CH2), 31.6 (23-C, CH2),

32.8 (4-C, CH2), 33.8 (20-C, CH), 35.1 (10-C, CH), 35.3 (6-C, CH2), 39.3(1-C,

CH2), 39.8 (5-C, CH), 40.2 (8-C, CH), 40.3 (12-C, CH2), 42.7 (9-C, CH), 43.5

(13-C, CH), 46.6 (3-C, CH), 51.5 (14-C, CH), 55.1 (17-C, CH), 55.8

(NH-CH-CH2-CH2), 67.5 (7-C, CH), 128.3 (aromatic-C, CH), 129.1 (aromatic-C,

CH), 135.9 (aromatic-C), 144.3 (aromatic-C), 174.6 (24-C, COOH). HRMS:

Found: (M+H)+ =598.3805, calculated C35H54N2O4S+ =598.3804. IRvmax

(ATR): 2932, 2868, 1734, 1704, 1616, 1382, 1308 cm-1.

24-amino-3α-ethanesulfonamido-7β-hydroxyl-5β-cholanoate (26)

Compound (12) (80 mg, 0.1630 mmol) was dissolved in 25% TFA/dry DCM (5

ml) and stirred for 30 min under N2 atmosphere at RT (followed by TLC

analysis using hexane: EtOAc=1:2 as mobile phase) and then the solvent was

removed under reduced pressure. The mixture was extracted with EtOAc

(2×50 ml) and then the solvent was evaporated. The crude product (80 mg,

0.2048 mmol) was dissolved in anhydrous DCM (8 ml) and then the mixture

was cooled to 0oC. The solution of ethanesulfonyl chloride (37.9 μl, 0.4096
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mmol) and Et3N (31.4 μl, 0.2253 mmol) in dry DCM (2 ml) was added

drop-wise to the mixture and stirred overnight at RT. When all the starting

material was reacted, the crude product was purified by column

chromatography using DCM: MeOH=19:1 as the mobile phase to yield the

product as white foam (70 mg, 0.415 mmol, 88.8%).
1H-NMR δ (CDCl3): 0.66 (3H, s, 18-CH3), 0.92 (3H, s, 19-CH3), 0.93 (3H, d, J =

6.2 Hz, 21-CH3), 1.01-1.22 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.24-1.31 (3H,

m, 1-CH2, 20-CH), 1.32-1.59 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.68-1.78 (4H, m, 15-CH2, 16-CH2), 1.81-1.89 (2H, m, 22-CH2), 2.06-2.13 (2H,

m, 22-CH2), 2.27-2.32 (2H, m, 23-CH2), 2.99 (2H, q, S-CH2), 3.20 (1H, m,

3β-H), 3.53 (1H, m, 7α-H), 5.52 (2H, d, NH2). 13C-NMR ppm (CDCl3): 8.5

(S-CH2-CH3), 12.2 (18-C, CH3), 14.4 (19-C, CH3), 18.5 (21-C, CH3), 21.2 (11-C,

CH2), 23.5 (15-C, CH2), 26.9 (2-C, CH), 28.7 (16-C, CH2), 30.9 (22-C, CH2),

31.6 (2-C, CH), 33.9 (20-C, CH), 35.5 (10-C, CH), 35.6 (23-C, CH2), 36.2 (6-C,

CH2), 36.4 (1-C, CH2), 39.2 (5-C, CH), 40.1 (8-C, CH), 43.1 (12-C, CH2), 43.7

(9-C, CH), 43.8 (13-C, CH), 48.3 (3-C, CH), 53.7 (14-C, CH), 55.1

(S-CH2-CH3), 55.8 (17-C, CH), 71.2 (7-C, CH), 179.2 (24-C, COOH). HRMS:

Found: (M+H)+ =482.3179, calculated C26H46N2O4S+ =482.3178. IRvmax

(ATR): 2932, 2866, 1737, 1702, 1382 cm-1.

24-cyclopropylamino-3α-ethanesulfonamido-7β-hydroxyl-5β-cholanoate
(27)

Compound (13) (100 mg, 0.188 mmol) was dissolved in 25% TFA/dry DCM (5

ml) and stirred for 30 min under N2 atmosphere at RT (followed by TLC

analysis using hexane: EtOAc=1:2 as mobile phase) and then the solvent was

removed under reduced pressure. The mixture was extracted with EtOAc

(2×50 ml) and then the solvent was evaporated. The crude product (80 mg,

0.185 mmol) was dissolved in anhydrous DCM (8 ml) and then the mixture was

cooled to 0oC. The solution of ethanesulfonyl chloride (17.6 μl, 0.185 mmol)

and Et3N (28.4 μl, 0.204 mmol) in dry DCM (2 ml) was added drop-wise to the
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mixture and stirred overnight at RT. When all the starting material was reacted,

the crude product was purified by column chromatography using hexane:

EtOAc=1:2 as the mobile phase to yield the product as white foam (88 mg,

0.168 mmol, 91.7%).
1H-NMR δ (CDCl3): 0.63 (3H, s, 18-CH3), 0.88 (3H, s, 19-CH3), 0.92 (3H, d, J =

6.2 Hz, 21-CH3), 1.02-1.22 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.32-1.35 (3H,

m, 1-CH2, 20-CH), 1.36-1.58 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.66-1.80 (4H, m, 15-CH2, 16-CH2), 1.81-1.91 (2H, m, 22-CH2), 1.95-2.03 (2H,

m, 22-CH2), 2.15-2.21 (2H, m, 23-CH2), 2.67 (1H, q, NH-CH-CH2), 2.98 (2H, q,

S-CH2), 3.18 (1H, m, 3β-H), 3.51 (1H, m, 7α-H), 4.55 (1H, d, NH), 5.84 (1H, d,

NH). 13C-NMR ppm (CDCl3): 2.3 (S-CH2-CH3), 8.6 (HN-CH-CH2), 12.2 (18-C,

CH3), 14.2 (19-C, CH3), 18.4 (21-C, CH3), 21.0 (11-C, CH2), 23.3 (15-C, CH2),

25.2 (HN-CH-CH2), 26.8 (2-C, CH), 28.6 (16-C, CH2), 30.1 (22-C, CH2), 30.8

(23-C, CH2), 30.9 (4-C, CH2), 33.8 (20-C, CH), 35.1 (10-C, CH), 36.7 (6-C,

CH2), 37.1 (1-C, CH2), 39.8 (5-C, CH), 40.0 (8-C, CH), 40.2 (12-C, CH2), 41.8

(9-C, CH), 43.3 (13-C, CH), 43.7 (3-C, CH), 50.2 (14-C, CH), 53.8

(S-CH2-CH3), 55.1 (17-C, CH), 66.6 (7-C, CH), 174.7 (24-C, COOH). HRMS:

Found: (M+H)+ =522.3492, calculated C29H50N2O4S+ =522.3491. IRvmax

(ATR): 2928, 2870, 1740, 1700, 1380 cm-1.

General procedure for the formation of 24-methyl
ester-3α-ethanesulfonamide-7β-formyloxy-5β-cholanoate (protected
3α-ethanesulfonamide UDCA):

To a solution of (6) (240 mg, 0.450 mmol) in dry DCM, was added TFA/dry

DCM (1:4) and stirred at RT for 40 min. When TLC showed the completion of

the reaction, DCM was removed firstly. The residue was neutralized with 2M

NaOH solution into pH=7 and was then extracted with EtOAc (3×75 ml). The

combined organic layer was removed in vacuo. After high vacuum drying, the

compound was put into dry DCM (10 ml) immediately without any purification.

Et3N (85 μl, 1.1 eqv.) and ethanesulfonyl chloride (105 μl, 2.0 eqv.) were added
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at 0oC and then stirred to r.t. for overnight under N2. The solvent was removed

in vacuo and the residue was purified by flash column chromatography

(hexane: EtOAc=2:1) to afford the protected 3α-ethanesulfonamide UDCA

(185 mg, 0.352 mmol, 78.2%).

24-alcohol-3α-ethanesulfonamido-7β-hydroxyl-5β-cholanoate (28)

To a cold solution of protected 3α-ethanesulfonamide UDCA (100 mg, 0.1902

mmol) in a mixture of dry EtOH and dry THF (30 ml), was added sodium (900

mg) carefully. The ice bath was removed when the sodium all dissolved. The

reaction was stirred under RT for 2 d. After workup, the residue was purified by

flash column chromatography (DCM: MeOH=19:1) to afford the desired

compound (68 mg, 0.1449 mmol, 76.18%).
1H-NMR δ (CDCl3): 0.68 (3H, s, 18-CH3), 0.93 (3H, s, 19-CH3), 0.95 (3H, d, J =

6.2 Hz, 21-CH3), 1.03-1.24 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.26-1.34 (3H,

m, 1-CH2, 20-CH), 1.35-1.54 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.73-1.84 (4H, m, 15-CH2, 16-CH2), 1.86-1.92 (2H, m, 22-CH2), 2.26-2.30 (2H,

m, 22-CH2), 2.36-2.42 (2H, m, 23-CH2), 3.01 (2H, q, S-CH2-CH3), 3.23 (1H, m,

3β-H), 3.55 (1H, m, 7α-H), 3.75 (2H, m, CH2OH), 4.41 (1H, d, NH). 13C-NMR

ppm (CDCl3): 8.5 (S-CH2-CH3), 12.1 (18-C, CH3), 14.4 (19-C, CH3), 18.4 (21-C,

CH3), 21.2 (11-C, CH2), 23.5 (15-C, CH2), 26.9 (2-C, CH), 28.7 (16-C, CH2),

30.8 (22-C, CH2), 30.9 (4-C, CH2), 33.9 (10-C, CH), 35.3 (20-C, CH), 36.2 (6-C,

CH2), 36.5 (1-C, CH2), 39.2 (5-C, CH), 40.1 (8-C, CH), 43.0 (12-C, CH2), 43.7

(9-C, CH), 43.8 (13-C, CH), 48.4 (3-C, CH), 53.7 (14-C, CH), 55.0

(S-CH2-CH3), 55.8 (17-C, CH), 63.5 (CH2OH), 71.2 (7-C, CH). HRMS: Found:

(M-H)- =482.2935, calculated C26H44NO5S- =482.2946. IRvmax (ATR): 2936,

2871, 1741, 1327, 1147 cm-1.

General procedure for the formation of 3-oxo bile acids:

The synthesis of methyl ester 39 from DCA (1.00 g, 2.55 mmol) was carried
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out in MeOH (50 ml) by adding half an equivalent of catalyst concentrated HCl

at reflux for overnight. TLC analysis (hexane: EtOAc=1:4) showed the

disappearance of starting material. The solvent was removed in vacuum and

the residue dissolved in EtOAc (100 ml) and washed with water (2 x 50 ml) and

brine (50 ml). The combined organic layer was dried over MgSO4 and filtered.

The solvent was removed in vacuum. The methyl ester 39 (1.26 g, 2.73 mmol)

and 4-DMAP (0.066 g, 0.2 eq.) were dissolved in dry pyridine (5 ml) and acetic

anhydride (7.74 ml, 30 eq.) was added to the solution at RT and stirred

overnight. When TLC showed the completion of the reaction, the mixture was

poured into 1 M HCl (100 ml) and was then extracted with EtOAc (3x75 ml).

The mixture was washed with water (5x100 ml) and brine (100 ml). The

organic layer was dried over MgSO4 and filtered. The solvent was removed in

vacuum and then purified by flash column chromatography (hexane:

EtOAc=3:1) to yield product 40 (1.42 g, 88%) as white foam. To a solution of

di-acetyl DCA (1.42 g, 2.89 mmol) in dry MeOH (20 ml) was added dropwise

acetyl chloride (0.23 ml, 1.3 eq.) at 0oC. The mixture was allowed to warm to

RT with stirring for overnight. When TLC showed the disappearance of the

starting material, saturated aq NaHCO3 solution was added to pH to 10–12.

The mixture was extracted with EtOAc (3×75 ml) and then combined organic

layer was washed with water (2×100 ml). The solvent was removed in vacuum

and then purified by flash column chromatography (hexane: EtOAc=2:1) to

obtain compound 41 (0.91 g, 70%). Compound 41 (0.91 g, 2.023 mmol) was

dissolved in DCM (30 ml) and PCC (1.09 g, 5.0575 mmol, 2.5 eq.) was added

in 3 times over one hour at RT with stirring for about 4 h. TLC analysis (hexane:

EtOAc=1:1) showed the disappearance of starting material. The solvent was

then removed in vacuum and EtOAc (100 ml) was added to the mixture. The

organic layer was washed with water (3×100 ml) and brine (100 ml) and was

dried over MgSO4 and filtered. The solvent was removed to yield compound 42

(0.885 g, 98%) as white foam.
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General procedure for the formation of 3β-OH bile acids with NaBH4

Compound 42 (0.885 g, 1.9825 mmol) was put into a round-bottom flask and

sealed well and 15 ml MeOH and 15 ml dry THF were added. The flask was

cooled in an ice bath and NaBH4 (0.225 g, 3 eq.) wad added with stirring over

15 min. After addition of NaBH4 completed, the ice bath was removed and the

reaction was kept under RT for overnight. TLC analysis indicated the

disappearance of the starting material and formation of two products: one with

a lower Rf of 0.2 and one with a higher Rf of 0.28 (mobile phase EtOAc:

hexane=1:1). 2.0 M aq. HCl solution was added to adjust the pH of mixture into

6 and the solvent was removed. The residue was then extracted with EtOAc

(3×75 ml). The organic layer was then washed with brine (100 ml). The

combined organic layer was dried over MgSO4 and filtered. The solvent was

removed in vacuum and the semi-solid residue was purified by flash column

chromatography using hexane: EtOAc=1:1 to afford the compound 43 (0.222 g,

25%) and majority of the compound 41 (0.667 g, 75%).

General procedure for the formation of 3β-OH bile acids with L-selectride

solution:

To a cooled solution of compound 42 (0.90 g, 2.015 mmol) in dry THF (15 ml)

was dropwise added a solution of L-selectride (1.8 ml, 4 eq.) under N2

condition and the mixture was stirred at -18oC for over one hour and then

allowed to warm to RT and stirred for overnight. TLC analysis showed

formation of two products: one with a lower Rf of 0.2, and one with a higher Rf

of 0.28 (mobile phase hexane: EtOAc=1:1). The mixture was quenched with a

saturated ammonium chloride solution (100 ml) and then extracted with DCM

(3×50 ml). The combined organic layer was washed with brine (100 ml) and

was dried over MgSO4 and filtered. The solvent was removed in vacuum and

then purified by flash column chromatography (hexane: EtOAc=1:1) to yield

majority of product 43 (0.82 g, 90.35%) and a small amount of product 41 (0.09
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g, 9.65%).

3β, 7α, 12α-trihydroxy-5β-cholanoate (3β-OH CA) (44)

To a solution of protected 3β-OH CA (100 mg) in MeOH (16 ml) was added 2M

aq. NaOH solution (5 ml) at reflux and stirred for 36 h. When TLC analysis

(hexane: EtOAc=1:8) showed the disappearance of starting material, 2M aq.

HCl solution (5 ml) was added to neutralize the pH into 7. The MeOH was

removed and the residue was extracted with EtOAc (3×75 ml). The combined

organic layer was washed with water (2×100 ml) and brine (100 ml) and it was

dried over MgSO4 and filtered. The solvent was removed to yield compound 44

as a white foam (77.42 mg, 96%).

mp 170–173°C; 1H-NMR δ (CDCl3): 0.69 (3H, s, 18-CH3), 0.93 (3H, s, 19-CH3),

0.98 (3H, d, J = 6.2 Hz, 21-CH3), 1.13-1.24 (4H, m, 8-CH, 9-CH, 14-CH,

17-CH), 1.24-1.40 (3H, m, 1-CH2, 20-CH), 1.40-1.56 (10H, m, 2-CH2, 4-CH2,

6-CH2, 7-CH2, 11-CH2), 1.72-1.77 (4H, m, 15-CH2, 16-CH2), 1.80-1.88 (2H, m,

22-CH2), 2.37-2.47 (2H, m, 23-CH2), 3.85 (1H, d, 7β-H), 3.98 (1H, s, 12β-H),

4.06 (1H, s, 3α-H). 13C-NMR ppm (CDCl3): 12.1 (18-CH3), 14.2 (19-CH3), 18.4

(21-CH3), 21.0 (15-C, CH2), 23.5 (16-C, CH2), 26.9 (9-C, CH), 28.6 (11-C, CH2),

30.8 (2-C, CH2), 30.9 (22-C, CH), 34.1 (23-C, CH2), 34.2 (1-C, CH2), 35.2

(20-C, CH), 37.2 (4-C & 6-C, CH2), 39.4 (10-C, C-CH3), 40.2 (8-C, CH), 43.8

(5-C, C-CH3), 49.8 (14-C, CH), 55.0 (17-C,CH), 68.8 (7-C, CH), 71.4 (3-C, CH),

73.3 (12-C, CH), 179.2 (24-C, COOH). HRMS: Found: (M+H)+ =408.2802,

calculated C24H39O5+ =408.2803. IRvmax (ATR): 3408, 2922, 2161, 1706,

1377 cm-1.

3β, 12α-dihydroxy-5β-cholanoate (3β-OH DCA) (45)

To a solution of protected 3β-OH DCA (100 mg) in MeOH (16 ml) was added

2M aq. NaOH solution (5 ml) at reflux and stirred for 24 h. When TLC analysis

(hexane: EtOAc =1:1) showed the disappearance of starting material, 2M aq.

HCl solution (5 ml) was added to neutralize the pH into 7. The MeOH was
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removed and the residue was extracted with EtOAc (3×75 ml). The combined

organic layer was washed with water (2×100 ml) and brine (100 ml) and it was

dried over MgSO4 and filtered. The solvent was removed to yield compound 45

as a white foam (85.5 mg, 98%).

mp 160–162°C; 1H-NMR δ (CDCl3): 0.67 (3H, s, 18-CH3), 0.93 (3H, s, 19-CH3),

0.95 (3H, d, J = 6.2 Hz, 21-CH3), 1.04-1.16 (4H, m, 8-CH, 9-CH, 14-CH,

17-CH), 1.23-1.33 (3H, m, 1-CH2, 20-CH), 1.35-1.60 (10H, m, 2-CH2, 4-CH2,

6-CH2, 7-CH2, 11-CH2), 1.61-1.76 (4H, m, 15-CH2, 16-CH2), 1.77-1.85 (2H, m,

22-CH2), 2.22-2.38 (2H, m, 23-CH2), 3.98 (1H,s, 12β-H), 4.09 (1H, s, 3α-H).
13C-NMR ppm (CDCl3): 12.7 (18-C, CH3), 17.3 (19-C, CH3), 23.6 (21-C, CH3),

25.9 (15-C, CH2), 26.5 (16-C, CH2), 27.4 (6-C, CH2), 28.9 (11-C, CH2), 30.7

(2-C, CH2), 30.8 (22-C, CH2), 32.8 (23-C, CH2), 32.9 (7-C, CH2), 35.0 (20-C,

CH), 35.8 (1-C, CH2), 35.9 (8-C, 9-C, CH), 36.3 (4-C, CH2), 36.4 (5C-CH), 46.5

(13-C, C-CH3), 47.3(17-C, CH), 48.3 (14-C, CH), 67.2 (3-C, CH), 73.3 (12-C,

CH), 179.3 (24-C, COOH). HRMS: Found: (M+H)+ = 392.2852, calculated

C24H39O4+=392.2854. IRvmax (ATR): 2925, 1706, 1446, 1377 cm-1.

3β, 7α-dihydroxy-5β-cholanoate (3β-OH CDCA) (46)

To a solution of protected 3β-OH CDCA (100 mg) in MeOH (16 ml) was added

2M aq. NaOH solution (5 ml) at reflux and stirred for 36 h. When TLC analysis

(hexane: EtOAc=1:2) showed the disappearance of starting material, 2M aq.

HCl solution (5 ml) was added to neutralize the pH into 7. The MeOH was

removed and the residue was extracted with EtOAc (3×75 ml). The combined

organic layer was washed with water (2×100 ml) and brine (100 ml) and it was

dried over MgSO4 and filtered. The solvent was removed to yield compound 46

as a white foam (84.7 mg, 97%).

mp 192–193°C;1H-NMR δ (CDCl3): 0.64 (3H, s, 18-CH3), 0.93 (6H, m, 19-CH3,

21-CH3), 1.04-1.15 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.21-1.32 (3H, m,

1-CH2, 20-CH), 1.36-1.60 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2, 11-CH2),

1.61-1.74 (4H, m, 15-CH2, 16-CH2), 1.75-1.86 (2H, m, 22-CH2), 2.20-2.43 (2H,
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m, 23-CH2), 3.85 (1H, d, 7β-H), 4.06 (1H, s, 3α-H). 13C-NMR ppm (CDCl3):

11.8 (18-C, CH3), 18.3 (19-C, CH3), 21.0 (21-C, CH3), 21.6 (11-C, CH2), 23.2

(15-C, CH2), 28.0 (16-C, CH2), 29.8 (2-C, CH2), 30.8 (22-C, CH2), 31.1 (23-C,

CH2), 35.7 (1-C, CH2), 35.8 (20-C, CH), 36.0 (10-C, C-CH3), 37.3 (4-C, CH2),

39.0 (6-C, CH) 39.3 (8-C, CH), 39.7 (12-C, CH2), 41.9 (5-C, CH), 42.8 (13-C,

C-CH3), 50.5 (14-C, CH), 55.7 (17-C, CH), 68.8 (7-C, CH), 71.7 (3-C, CH),

178.6 (24-C, COOH). HRMS: Found: (M+H)+ = 392.2847, calculated

C24H39O4+=392.2854. IRvmax (ATR): 3354, 3239, 2925, 2158, 1686, 1444,

1379 cm-1.

3β-hydroxy-5β-cholanoate (3β-OH LCA) (47)

To a solution of protected 3β-OH LCA (100 mg) in MeOH (16 ml) was added

2M aq. NaOH solution (5 ml) at reflux and stirred for 4 h. When TLC analysis

(hexane: EtOAc =1:1) showed the disappearance of starting material, 2M aq.

HCl solution (5 ml) was added to neutralize the pH into 7. The MeOH was

removed and the residue was extracted with EtOAc (3×75 ml). The combined

organic layer was washed with water (2×100 ml) and brine (100 ml) and it was

dried over MgSO4 and filtered. The solvent was removed to yield compound 47

as a white foam (94.2 mg, 98%).

mp 176–177°C; 1H-NMR δ (CDCl3): 0.63 (3H, s, 18-CH3), 0.90 (3H, d, J = 6.1

Hz, 21-CH3), 0.94 (3H, s, 19-CH3), 1.00-1.16 (4H, m, 8-CH, 9-CH, 14-CH,

17-CH), 1.24-1.32 (3H, m, 1-CH2, 20-CH), 1.38-1.56 (10H, m, 2-CH2, 4-CH2,

6-CH2, 7-CH2, 11-CH2), 1.67-1.78 (4H, m, 15-CH2, 16-CH2), 1.80-1.88 (2H, m,

22-CH2), 2.22-2.40 (2H, m, 23-CH2), 4.09 (1H, s, 3α-H). 13C-NMR ppm (CDCl3):

12.1 (18-C, CH3), 18.2 (19-C, CH3), 21.1 (21-C, CH3), 24.2 (11-C, CH2), 26.5

(15-C, CH2), 27.4 (16-C, CH2), 28.2 (6-C, CH2), 30.7 (2-C, CH2), 30.8 (22-C,

CH2), 32.8 (7-C, CH2), 32.8 (23-C, CH2), 32.9 (7-C, CH2), 34.6 (20-C, CH),

35.1 (10-C, C-CH3), 35.8 (1-C, CH2), 35.9 (8-C, CH), 36.5 (4-C, CH2), 46.5

(5-C, CH), 47.3 (12-C, CH2), 48.3 (13-C, C-CH3), 55.0 (9-C, CH), 55.9 (17-C,

CH), 56.7 (14-C, CH), 67.2 (3-C, CH), 179.3 (24-C, COOH). HRMS: Found:
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(M+H)+ =376.2902, calculated C24H39O3+=376.2905. IRvmax (ATR): 2929,

1722, 1671, 1448, 1377 cm-1.

3β, 7β-dihydroxyl-5β-cholanoate (3β-OH UDCA) (48)

To a solution of protected 3β-OH UDCA (100 mg) in MeOH (16 ml) was added

2M aq. NaOH solution (5 ml) at reflux and stirred for 36 h. When TLC analysis

(hexane: EtOAc =1:2) showed the disappearance of starting material, 2M aq.

HCl solution (5 ml) was added to neutralize the pH into 7. The MeOH was

removed and the residue was extracted with EtOAc (3×75 ml). The combined

organic layer was washed with water (2×100 ml) and brine (100 ml) and it was

dried over MgSO4 and filtered. The solvent was removed to yield compound 48

as a white foam (82.9 mg, 95%).

mp 166–167°C; 1H-NMR δ (CDCl3): 0.67 (3H, s, 18-CH3), 0.93 (3H, d, J = 6.1

Hz, 21-CH3), 0.97 (3H, s, 19-CH3), 1.04-1.20 (4H, m, 8-CH, 9-CH, 14-CH,

17-CH), 1.24-1.43 (3H, m, 1-CH2, 20-CH), 1.43-1.52 (10H, m, 2-CH2, 4-CH2,

6-CH2, 7-CH2, 11-CH2), 1.74-1.78 (4H, m, 15-CH2, 16-CH2), 1.82-1.83 (2H, m,

22-CH2), 2.35-2.39 (2H, m, 23-CH2), 3.54 (1H, m, 7α-H), 4.06 (1H, s, 3α-H).
13C-NMR ppm (CDCl3): 12.2 (19-C, CH3), 18.4 (18-C, CH3), 21.5 (21-C, CH3),

23.9 (11-C, CH2), 26.9 (15-C, CH2), 28.6 (6-C, CH2), 30.6 (2-C, CH2), 30.9

(22-C, CH2), 34.5 (23-C, CH2), 35.1 (20-C, CH), 35.2 (10-C, C-CH3), 36.9 (1-C,

CH2), 37.2 (4-C & 6-C, CH2), 38.6 (8-C, CH), 40.1 (5-C, CH), 40.2 (9-C, CH),

43.6 (12-C, CH2), 43.8 (13-C, C-CH3), 55.0 (14-C, CH), 55.9 (17-C, CH). 66.7

(7-C, CH), 71.5 (3-C, CH), 177.8 (24-C, COOH). HRMS: Found: (M+H)+

=392.2848, calculated C24H39O4+=392.2854. IRvmax (ATR): 2926, 2158, 1717,

1445, 1383 cm-1.

3α, 6α, 7α-trihydroxyl-5β-cholanoate (γ-muricholic acid) (55)
To a solution of protected γ-muricholic acid (20 mg, 0.036 mmol) in MeOH (16

ml) was added 2M aq. NaOH solution (16 ml) at reflux and stirred for 2 d.

When TLC analysis (hexane: EtOAc =1:3) showed the disappearance of
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starting material, 2M aq. HCl solution (5 ml) was added to neutralize the pH

into 7. The MeOH was removed and the residue was extracted with EtOAc

(3×75 ml). The combined organic layer was washed with water (2×100 ml) and

brine (100 ml) and it was dried over MgSO4 and filtered. The solvent was

removed to yield compound 55 as a white foam (12 mg, 0.029 mmol, 81.6%).

mp 224–226°C; 1H-NMR δ (CDCl3): 0.66 (3H, s, 18-CH3), 0.90 (3H, s, 19-CH3),

0.93 (3H, d, J = 6.1 Hz, 21-CH3), 1.07-1.18 (4H, m, 8-CH, 9-CH, 14-CH,

17-CH), 1.26-1.43 (3H, m, 1-CH2, 20-CH), 1.44-1.53 (10H, m, 2-CH2, 4-CH2,

6-CH2, 7-CH2, 11-CH2), 1.72-1.79 (4H, m, 15-CH2, 16-CH2), 1.93-1.94 (2H, m,

22-CH2), 2.32-2.38 (2H, m, 23-CH2), 3.39 (1H, brm, 3α-H), 3.82 (1H, m, 6α-H),

3.85 (1H, m, 7α-H). 13C-NMR ppm (CDCl3): 11.7 (18-C, CH3), 18.2 (21-C, CH3),

20.5 (11-C, CH2), 23.0 (15-C, CH2),23.5 (19-C, CH3), 28.1 (16-C, CH2), 30.4

(2-C, CH2), 30.9 (22-C, CH2), 31.0 (23-C, CH2), 32.5 (9-C, CH), 32.6 (4-C,

CH2), 35.2 (20-C, CH), 35.5 (1-C, CH2), 35.9 (10-C, C-CH3), 38.6 (8-C, CH),

39.5 (12-C, CH), 42.8 (13-C, C-CH3), 47.8 (5C-CH), 50.1 (14-C, CH), 55.8

(17-C, CH), 69.6 (7-C, CH2), 71.7 (3-C, CH), 71.9 (6-C, CH2), 174.5 (24-C,

COOH). HRMS: Found: (M+H)+ =408.2800, calculated C24H39O5+ =408.2803.

IRvmax (ATR): 3602, 2924, 2160, 1719, 1380 cm-1.

3α, 6α, 7β-trihydroxyl-5β-cholanoate (ω-muricholic acid) (56)

To a solution of protected ω-muricholic acid (20 mg, 0.036 mmol) in MeOH (16

ml) was added 2M aq. NaOH solution (16 ml) at reflux and stirred for 2 d.

When TLC analysis (hexane: EtOAc =1:3) showed the disappearance of

starting material, 2M aq. HCl solution (5 ml) was added to neutralize the pH

into 7. The MeOH was removed and the residue was extracted with EtOAc

(3×75 ml). The combined organic layer was washed with water (2×100 ml) and

brine (100 ml) and it was dried over MgSO4 and filtered. The solvent was

removed to yield compound 56 as a white foam (11.5 mg, 0.028 mmol, 78.2%).

mp 226–228°C; 1H-NMR δ (CDCl3): 0.67 (3H, s, 18-CH3), 0.92 (3H, d, J = 6.1

Hz, 21-CH3), 0.95 (3H, s, 19-CH3), 1.06-1.21 (4H, m, 8-CH, 9-CH, 14-CH,
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17-CH), 1.25-1.40 (3H, m, 1-CH2, 20-CH), 1.41-1.59 (10H, m, 2-CH2, 4-CH2,

6-CH2, 7-CH2, 11-CH2), 1.75-1.80 (4H, m, 15-CH2, 16-CH2), 1.93-1.97 (2H, m,

22-CH2), 2.31-2.38 (2H, m, 23-CH2), 3.40 (1H, t, 7β-H), 3.58 (1H, m, 3α-H),

3.79 (1H, dd, 6α-H). 13C-NMR ppm (CDCl3): 12.2 (18-C, CH3), 18.4 (21-C,

CH3), 21.2 (11-C, CH2), 23.6 (19-C, CH3), 26.7 (15-C, CH2), 28.5 (16-C, CH2),

29.9 (4-C, CH2), 30.8 (2-C, CH2), 31.0 (22-C, CH2), 31.1 (23-C, CH2), 35.2

(20-C, CH), 35.3 (1-C, CH2), 35.3 (10-C, C-CH3), 39.2 (9-C, CH), 40.0 (12-C,

CH), 41.7 (8-C, CH), 43.8 (13-C, C-CH3), 47.8 (5C-CH), 55.0 (14-C, CH), 55.8

(17-C, CH), 71.2 (3-C, CH), 72.9 (6-C, CH2), 75.5 (7-C, CH2), 174.5 (24-C,

COOH). HRMS: Found: (M+H)+ =408.2802, calculated C24H39O5+ =408.2803.

IRvmax (ATR): 3408, 2924, 2158, 1707, 1380 cm-1.

General procedure for the formation of protected 3α-dansyl bile acids:

3α-azido UDCA 5 (120 mg, 0.261 mmol) was poured into EtOAc (30 ml) and

then the mixture was added to a pre-reduced Pd/C (0.15 g) in EtOAc (20 ml)

and stirred under H2 at r.t. for 1 d. The mixture was filtered through a cellite pad

and the cellite was washed with EtOAc (3×20 ml). The solvent was removed in

vacuo to yield amine intermediates. These were dissolved in dry DCM (10 ml)

immediately without any purification, Et3N (85 μl, 1.1 eqv.) and dansyl chloride

(0.15 g, 1.0 eqv.) were added at 0oC and then stirred to r.t. for overnight under

N2. The solvent was removed in vacuo and the residue was purified by flash

column chromatography (hexane: EtOAc=3:1) to afford the protected

3α-dansyl UDCA (100 mg, 0.1499 mmol, 57.4%).

3α-((5-(dimethylamino) naphthalene)-1-sulfonamido))-7β-hydroxyl-5β-
cholanoate (3α-dansyl UDCA) (57)

To a solution of protected 3α-dansyl UDCA (100 mg, 0.1499 mmol) in MeOH

(10 ml) was added 2M aq. NaOH solution (5 ml) at reflux and stirred fo16 h.

When TLC analysis (hexane: EtOAc =1:1) showed the disappearance of

starting material, 2M aq. HCl solution (5 ml) was added to neutralize the pH
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into 7. The MeOH was removed in vacuo and the residue was extracted with

EtOAc (3×50 ml). The combined organic layer was washed with water (2×100

ml) and brine (100 ml) and it was dried over MgSO4 and filtered. The solvent

was removed to yield compound 49 as a white foam (84.0 mg, 89.8%).

mp 210–213°C; 1H-NMR δ (CDCl3): 0.62 (3H, s, 18-CH3), 0.83 (3H, d, J = 6.1

Hz, 21-CH3), 0.89 (3H, s, 19-CH3), 0.99-1.08 (4H, m, 8-CH, 9-CH, 14-CH,

17-CH), 1.12-1.23 (3H, m, 1-CH2, 20-CH), 1.24-1.40 (10H, m, 2-CH2, 4-CH2,

6-CH2, 7-CH2, 11-CH2), 1.73-1.94 (4H, m, 15-CH2, 16-CH2), 2.22-2.28 (2H, m,

22-CH2), 2.32-2.40 (2H, m, 23-CH2), 2.88 (6H, s, 2×CH3), 3.04 (1H, m, 3β-H),

3.40 (1H, m, 7α-H), 4.77 (1H, d, NH-SO2), 7.18 (1H, d, naphthalene-H4), 7.52

(2H, m, naphthalene-H3&H7), 8.23 (2H, m, naphthalene-H2&H8), 8.51 (1H, d,

naphthalene-H6). 13C-NMR ppm (CDCl3): 12.0 (19-C, CH3), 12.1 (18-C, CH3),

18.3 (21-C, CH3), 21.0 (11-C, CH2), 23.4 (15-C, CH2), 28.5 (2-C, CH2), 28.6

(16-C, CH2), 30.9 (22-C, CH2), 31.5 (23-C, CH2), 33.8 (4-C, CH2), 35.1 (20-C,

CH), 35.2 (10-C, C-CH3), 37.1 (6-C, CH2), 37.5 (1-C, CH2), 39.1(5-C, CH), 40.0

(C-8, CH), 40.2 (12-C, CH2), 42.9 (9-C, CH), 43.6 (13-C, C-CH3), 45.5 (N-CH3),

46.0 (3-C, CH), 53.8 (14-C, CH), 55.6 (17-C, CH), 71.1 (7-C, CH), 117.6

(naphthalene-C4), 119.9 (naphthalene-Cq), 123.7 (naphthalene-C2), 124.9

(naphthalene-C8), 126.3 (naphthalene-C7), 127.9 (naphthalene-C3), 128.3

(naphthalene-C6), 133.0 (naphthalene-Cq), 143.3 (naphthalene-C1), 151.3

(naphthalene-C5), 174.1 (24-C, COOH). HRMS: Found: (M+H)+ =624.3588,

calculated C36H52N2O5S+ =624.3597. IRvmax (ATR): 2932, 2866, 1706, 1576,

1453, 1409 cm-1.

24-taurine-3α-((5-(dimethylamino)
naphthalene)-1-sulfonamido))-7β-hydroxyl-5β-cholanoate (taurine
conjugated of 3α-dansyl UDCA) (58)

To a solution of 3α-dansyl UDCA 49 (10 mg, 0.016 mmol) in dry DMF (5 ml),

COMU (0.0041 g, 0.016 mmol) was added and taurine (0.004 g, 0.032 mmol)

was added after 5 min. The reaction was stirred for overnight to yield a white
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solid (5.6 mg, 47.8%) after purification by flash column chromatography (DCM:

MeOH=1:19).

mp 153–157°C; 1H-NMR δ (CDCl3): 0.59 (3H, s, 18-CH3), 0.81 (3H, d, J = 6.1

Hz, 21-CH3), 0.87 (3H, s, 19-CH3), 1.00-1.08 (4H, m, 8-CH, 9-CH, 14-CH,

17-CH), 1.11-1.20 (3H, m, 1-CH2, 20-CH), 1.22-1.40 (10H, m, 2-CH2, 4-CH2,

6-CH2, 7-CH2, 11-CH2), 1.58-1.78 (4H, m, 15-CH2, 16-CH2), 1.81-1.91 (2H, m,

26-CH2), 2.15-2.24 (2H, m, 22-CH2), 2.32-2.35 (2H, m, 23-CH2), 2.86 (6H, s,

2×CH3), 3.01 (1H, m, 3β-H), 3.22 (2H, t, 27-CH2), 3.37 (1H, m, 7α-H), 3.66 (2H,

m, 25-CH2), 4.35 (1H, t, NH-CH2), 5.15 (1H, d, NH-SO2), 7.14 (1H, d,

naphthalene-H4), 7.48 (2H, m, naphthalene-H3&H7), 8.23 (2H, m,

naphthalene-H2&H8), 8.51 (1H, d, naphthalene-H6). 13C-NMR ppm (CDCl3):

12.1 (19-C, CH3), 14.0 (18-C, CH3), 18.3 (21-C, CH3), 21.0 (11-C, CH2), 23.4

(15-C, CH2), 26.8 (2-C, CH2), 28.6 (16-C, CH2), 30.9 (22-C, CH2), 31.1 (23-C,

CH2), 33.7 (4-C, CH2), 35.3 (20-C, CH), 35.4 (10-C, C-CH3), 36.5 (6-C, CH2),

38.5 (1-C, CH2), 39.1 (NH-CH2-CH2-SO2OH), 39.2 (5-C, CH), 39.9 (8-C, CH),

40.0 (12-C, CH2), 42.6 (9-C, CH), 43.5 (13-C, C-CH3), 43.7 (N-CH3), 45.4 (3-C,

CH), 47.2 (NH-CH2-CH2-SO2OH), 53.8 (14-C, CH), 55.6 (17-C, CH), 66.6 (7-C,

CH), 115.1 (naphthalene-C4), 118.9 (naphthalene-Cq), 123.2 (naphthalene-C2),

128.2 (naphthalene-C8), 129.2 (naphthalene-C7), 129.6 (naphthalene-C3),

129.8 (naphthalene-C6), 130.2 (naphthalene-Cq), 135.9 (naphthalene-C1),

151.8 (naphthalene-C5), 178.8 (24-C, COOH). HRMS: Found: (M+H)+

=731.3629, calculated C38H57N3O7S2+ =731.3638. IRvmax (ATR): 2931,1706,

1575, 1501,1453, 1399 cm-1.

3α-((5-(dimethylamino)
naphthalene)-1-sulfonamido)-12α-hydroxyl-5β-cholanoate (3α-dansyl
DCA) (59)

To a solution of protected 3α-dansyl DCA (100 mg, 0.1499 mmol) in MeOH (10

ml) was added 2M aq. NaOH solution (5 ml) at reflux and stirred fo16 h. When

TLC analysis (hexane: EtOAc =1:1) showed the disappearance of starting



250

material, 2M aq. HCl solution (5 ml) was added to neutralize the pH into 7. The

MeOH was removed in vacuo and the residue was extracted with EtOAc (3×50

ml). The combined organic layer was washed with water (2×100 ml) and brine

(100 ml) and it was dried over MgSO4 and filtered. The solvent was removed to

yield compound 49 as a white foam (84.5 mg, 90.3%).

mp 215–218°C; 1H-NMR δ (CDCl3): 0.62 (3H, s, 18-CH3), 0.80 (3H, d, J = 6.1

Hz, 21-CH3), 0.95 (3H, s, 19-CH3), 0.99-1.09 (4H, m, 8-CH, 9-CH, 14-CH,

17-CH), 1.13-1.20 (3H, m, 1-CH2, 20-CH), 1.24-1.39 (10H, m, 2-CH2, 4-CH2,

6-CH2, 7-CH2, 11-CH2), 1.74-1.86 (4H, m, 15-CH2, 16-CH2), 2.21-2.29 (2H, m,

22-CH2), 2.35-2.43 (2H, m, 23-CH2), 2.89 (6H, s, 2×CH3), 3.10 (1H, m, 3β-H),

3.92 (1H, s, 12β-H), 4.65 (1H, d, NH-SO2), 7.19 (1H, d, naphthalene-H4), 7.54

(2H, m, naphthalene-H3&H7), 8.24 (2H, m, naphthalene-H2&H8), 8.53 (1H, d,

naphthalene-H6). 13C-NMR ppm (CDCl3): 12.7 (19-C, CH3), 14.7 (18-C, CH3),

17.2 (21-C, CH3), 21.0 (15-C, CH2), 23.1 (2-C, CH2), 27.4 (6-C, CH2), 28.5

(16-C, CH2), 28.6 (11-C, CH2), 30.6 (22-C, CH2), 30.9 (23-C, CH2), 32.0 (7-C,

CH2), 33.5 (4-C, CH2), 33.8 (20-C, CH), 35.0 (10-C, C-CH3), 37.2 (C-8, CH),

37.5 (1-C, CH2), 38.3 (9-C, CH), 45.5 (5-C, CH), 46.2 (N-CH3), 46.6 (3-C, CH),

47.2 (13-C, C-CH3), 47.5 (17-C, CH), 48.2 (14-C, CH), 67.6 (12-C, CH), 117.6

(naphthalene-C4), 119.9 (naphthalene-Cq), 123.7 (naphthalene-C2), 124.9

(naphthalene-C8), 126.0 (naphthalene-C7), 127.9 (naphthalene-C3), 128.3

(naphthalene-C6), 133.0 (naphthalene-Cq), 143.3 (naphthalene-C1), 151.3

(naphthalene-C5), 168.8 (24-C, COOH). HRMS: Found: (M+H)+ =624.3589,

calculated C36H52N2O5S+ =624.3597. IRvmax (ATR): 3284, 2930, 1709, 1450,

1378 cm-1.

24-taurine-3α-((5-(dimethylamino)naphthalene)-1-sulfonamido))-7β-hydro
xyl-5β-cholanoate (taurine conjugated of 3α-dansyl DCA) (60)

To a solution of 3α-dansyl DCA 51 (10 mg, 0.016 mmol) in dry DMF (5 ml),

COMU (0.0041 g, 0.016 mmol) was added and taurine (0.004 g, 0.032 mmol)

was added after 5 min. The reaction was stirred for overnight to yield a white
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solid (5.4 mg, 46.1%) after purification by flash column chromatography (DCM:

MeOH=1:19).

mp 155–157°C; 1H-NMR δ (CDCl3): 0.60 (3H, s, 18-CH3), 0.78 (3H, d, J = 6.1

Hz, 21-CH3), 0.92 (3H, s, 19-CH3), 1.01-1.06 (4H, m, 8-CH, 9-CH, 14-CH,

17-CH), 1.17-1.23 (3H, m, 1-CH2, 20-CH), 1.24-1.60 (10H, m, 2-CH2, 4-CH2,

6-CH2, 7-CH2, 11-CH2), 1.61-1.75 (4H, m, 15-CH2, 16-CH2), 1.77-1.80 (2H, m,

26-CH2), 2.24-2.27 (2H, m, 22-CH2), 2.33-2.37 (2H, m, 23-CH2), 2.86 (6H, s,

2×CH3), 3.08 (1H, m, 3β-H), 3.22 (2H, t, 27-CH2), 3.67 (2H, m, 25-CH2), 3.92

(1H, s, 12β-H), 4.37 (1H, t, NH-CH2), 5.20 (1H, d, NH-SO2), 7.15 (1H, d,

naphthalene-H4), 7.47 (2H, m, naphthalene-H3&H7), 8.24 (2H, m,

naphthalene-H2&H8), 8.48 (1H, d, naphthalene-H6). 13C-NMR ppm (CDCl3):

12.6 (19-C, CH3), 14.1 (18-C, CH3), 17.2 (21-C, CH3), 23.0 (15-C, CH2), 23.6

(2-C, CH2), 25.9 (16-C, CH2), 28.3 (6-C, CH2), 29.7 (11-C, CH2), 30.7 (22-C,

CH2), 31.0 (7-C, CH), 33.4 (23-C, CH2), 33.4 (4-C, CH2), 33.9 (20-C, CH), 34.5

(10-C, C-CH3), 35.2 (8-C, CH), 35.8 (NH-CH2-CH2-SO2OH), 35.9 (1-C, CH2),

38.4 (10-C, C-CH3), 42.5 (5-C, CH), 45.4 (N-CH3), 46.2 (3-C, CH), 47.0 (13-C,

C-CH3), 47.2 (20-C, CH), 48.1 (14-C, CH), 54.0 (NH-CH2-CH2-SO2OH), 73.3

(12-C, CH), 115.1 (naphthalene-C4), 119.1 (naphthalene-Cq), 123.2

(naphthalene-C2), 128.1 (naphthalene-C8), 129.1 (naphthalene-C7), 129.8

(naphthalene-C3), 129.7 (naphthalene-C6), 130.1 (naphthalene-Cq), 136.1

(naphthalene-C1), 151.7 (naphthalene-C5), 178.7 (24-C, COOH). HRMS:

Found: (M+H)+ =731.3630, calculated C38H57N3O7S2+ =731.3638. IRvmax

(ATR): 2930, 2863, 1706, 1576, 1448 cm-1.

General procedure for the formation of protected 3α-chlorambucil bile
acids:

3α-azido UDCA 5 (110 mg, 0.254 mmol) was poured into EtOAc (20 ml) and

then the mixture was added to a pre-reduced Pd/C (0.12 g) in EtOAc (10 ml)

and stirred under H2 at r.t. for 1 d. The mixture was filtered through a cellite pad

and the cellite was washed with EtOAc (3×20 ml). The solvent was removed in
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vacuo to yield amine intermediates. These were dissolved in dry DMF (6 ml)

immediately without any purification, chlorambucil (77 mg, 0.254 mmol, 1 eqv.),

DCC (0.052 g, 0.254 mmol, 1 eqv.) and HOBt·H2O (0.038 g, 0.279 mmol, 1.1

eqv.) were added at 0oC and then stirred to r.t. for overnight under N2. The

mixture was poured into water (100 ml) and extracted with EtOAc (3×75 ml).

The organic layer was washed with water (2×100 ml) and brine (100 ml). The

solvent was dried over Na2SO4 and then filtered. The solvent was removed in

vacuo and the residue was purified by flash column chromatography (hexane:

EtOAc=2:1) to afford the protected 3α-chlorambucil UDCA (120 mg, 0.17 mmol,

66.9%).

3α-(4-(4-(bis(2-chloroethyl)amino)phenyl)butanamido)-7β-hydroxyl-5β-
cholanoate (3α-chlorambucil UDCA) (61)

To a solution of protected 3α-chlorambucil UDCA (120 mg, 0.17 mmol) in dry

THF (15 ml) at 0oC, 2N LiOH solution (6 ml) was added. The reaction mixture

was left stirring overnight at RT. When TLC (hexane: EtOAc=1:2) showed the

formation of desired product Rf =0.11. The crude mixture was worked up and

purified by flash column chromatography (hexane: EtOAc=1:2) to yield the

product as white solid (105 mg, 0.158 mmol, 93.1%).

mp 161–165°C; 1H-NMR δ (CDCl3): 0.65 (3H, s, 18-CH3), 0.90 (3H, d, J = 6.1

Hz, 21-CH3), 0.92 (3H, s, 19-CH3), 1.02-1.10 (4H, m, 8-CH, 9-CH, 14-CH,

17-CH), 1.11-1.22 (3H, m, 1-CH2, 20-CH), 1.23-1.47 (10H, m, 2-CH2, 4-CH2,

6-CH2, 7-CH2, 11-CH2), 1.61-1.66 (2H, m, CH2-CH2-CH2-CONH), 1.76-1.80

(4H, m, 15-CH2, 16-CH2), 2.08-2.20 (2H, t, CH2-CH2-CH2-CONH), 2.18-2.28

(2H, m, 22-CH2), 2.31-2.42 (2H, m, 23-CH2), 2.49-2.55 (2H, t,

CH2-CH2-CH2-CONH), 3.44-3.55 (2H, m, 3β-H & 7α-H), 3.57-3.75 (8H, m,

N-CH2-CH2-Cl), 5.41 (1H, d, NH), 6.61 (2H, d, aromatic-Hortho to N), 7.02 (2H, d,

aromatic-Hpara to N). 13C-NMR ppm (CDCl3): 10.7 (19-C, CH3), 12.1 (18-C, CH3),

18.4 (21-C, CH3), 21.1 (11-C, CH2), 23.5 (15-C, CH2), 26.8

(CH2-CH2-CH2-CONH), 27.5 (16-C, CH2), 28.6 (2-C, CH2), 30.8 (22-C, CH2),
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30.9 (23-C, CH2), 33.7 (CH2-CH2-CH2-CONH), 34.0 (20-C, CH), 35.2 (13-C,

C-CH3) 35.3 (4-C, CH2), 36.2 (CH2-CH2-CH2-CONH), 36.7 (6-C, CH2), 37.2

(1-C, CH2), 39.3 (5-C, CH), 40.2 (8-C, CH), 40.5 (12-C, CH2), 42.5 (9-C, CH),

43.7 (13-C, C-CH3), 43.8 (N-CH2-CH2-Cl), 49.2 (14-C, CH), 53.6 (3-C, CH),

55.0 (N-CH2-CH2-Cl), 55.8 (17-C, CH), 66.9 (7-C, CH), 112.2 (aromatic-C),

129.6 (aromatic-C), 130.6 (aromatic-C), 144.3 (aromatic-C),172.3 (CONH),

178.7 (24-C, COOH). HRMS: Found: (M+H)+ =676.3777, calculated

C38H58Cl2N2O4+ =676.3774. IRvmax (ATR): 2928, 1707, 1616, 1518, 1450

cm-1.

3α-(4-(4-(bis(2-chloroethyl)amino)phenyl)butanamido)-12α-hydroxyl-5β-
cholanoate (3α-chlorambucil DCA) (63)

To a solution of protected 3α-chlorambucil UDCA (100 mg, 0.141 mmol) in dry

THF (12 ml) at 0oC, 2N LiOH solution (6 ml) was added. The reaction mixture

was left stirring overnight at RT. When TLC (hexane: EtOAc=1:2) showed the

formation of desired product Rf=0.12. The crude mixture was worked up and

purified by flash column chromatography (hexane: EtOAc=1:2) to yield the

product as white solid (88 mg, 0.133 mmol, 94.0%).

mp 213–216°C; 1H-NMR δ (CDCl3): 0.71 (3H, s, 18-CH3), 0.91 (3H, d, J = 6.1

Hz, 21-CH3), 0.94 (3H, s, 19-CH3), 1.02-1.10 (4H, m, 8-CH, 9-CH, 14-CH,

17-CH), 1.11-1.24 (3H, m, 1-CH2, 20-CH), 1.25-1.49 (10H, m, 2-CH2, 4-CH2,

6-CH2, 7-CH2, 11-CH2), 1.61-1.66 (2H, m, CH2-CH2-CH2-CONH), 1.77-1.80

(4H, m, 15-CH2, 16-CH2), 2.13-2.17 (2H, t, CH2-CH2-CH2-CONH), 2.24-2.35

(2H, m, 22-CH2), 2.40-2.49 (2H, m, 23-CH2), 2.56-2.60 (2H, t,

CH2-CH2-CH2-CONH), 3.42-3.50 (1H, m, 12β-H), 3.63-3.68 (4H, m,

N-CH2-CH2-Cl), 3.69-3.76 (4H, m, N-CH2-CH2-Cl), 4.03 (1H, s, 3β-H), 5.33 (1H,

d, NH), 6.69 (2H, d, aromatic-Hortho to N), 7.09 (2H, d, aromatic-Hpara to N).
13C-NMR ppm (CDCl3): 12.8 (19-C, CH3), 12.9 (18-C, CH3), 17.4 (21-C, CH3),

21.0 (11-C, CH2), 23.5 (15-C, CH2), 26.9 (CH2-CH2-CH2-CONH), 27.5 (16-C,

CH2), 28.6 (2-C, CH2), 30.7 (22-C, CH2), 30.8 (23-C, CH2), 33.5
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(CH2-CH2-CH2-CONH), 34.1 (20-C, CH), 35.5 (13-C, C-CH3) 35.8 (4-C, CH2),

36.0 (CH2-CH2-CH2-CONH), 36.2 (6-C, CH2), 37.2 (1-C, CH2), 39.3 (5-C, CH),

40.2 (8-C, CH), 40.4 (12-C, CH2), 42.3 (9-C, CH), 46.6 (13-C, C-CH3), 47.4

(N-CH2-CH2-Cl), 49.2 (14-C, CH), 54.0 (3-C, CH), 55.0 (N-CH2-CH2-Cl), 55.8

(17-C, CH), 73.3 (12-C, CH), 113.0 (aromatic-C), 129.6 (aromatic-C), 134.0

(aromatic-C), 144.3 (aromatic-C), 157.4 (CONH), 172.0 (24-C, COOH). HRMS:

Found: (M+H)+ =676.3775, calculated C38H58Cl2N2O4+ =676.3774. IRvmax

(ATR): 2927, 1707, 1625, 1518, 1448 cm-1.

General procedure for the formation of 3-trifluoromethyl bile acids:

Compound 3 (1.53 g, 3.52 mmol) was dissolved in DCM (100 ml) and PCC

(1.90 g, 8.800 mmol, 2.5 eq.) was added in 3 times over one hour at RT with

stirring for about 4 h. TLC analysis (hexane: EtOAc=1:1) showed the

disappearance of starting material. The solvent was then removed in vacuum

and EtOAc (100 ml) was added to the mixture. The organic layer was washed

with water (3×100 ml) and brine (100 ml) and was dried over MgSO4 and

filtered. The solvent was removed to yield compound 3-keto, 7β-formyloxy

UDCA (1.50 g, 98.5%) as white foam. To a solution of 3-keto, 7β-formyloxy

UDCA (0.15 g, 0.347 mmol) in dry THF (5 ml), 2M TMS-CF3 solution (600 μl,

1.206 mmol, 3.48 eq.) and CsF (0.075 g, 1.42 eq.) were added over N2 balloon

in ice bath. The reaction was then stirred to RT for overnight. TLC analysis

(Hexane: EtOAc= 3:1) showed completion and the solvent was removed under

reduced pressure and the product extracted with EtOAc (3 x 50 ml) and

washed with water (2 x 100 ml). The organic layer was dried over MgSO4 and

filtered. The solvent was removed in vacuo and the residue purified by flash

column chromatography (Hexane: EtOAc= 7:1) to afford the protected

3-trifluoromethyl UDCA intermediate.

3α-trifluoromethyl-12α-hydroxyl-5β-cholanoate (3α-trifluoromethyl DCA)
(65)
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To a solution of protected 3-trifluoromethyl DCA (20 mg, 0.040 mmol) in MeOH

(16 ml) was added 2M aq. NaOH solution (5 ml) at reflux and stirred for 5 h.

When TLC analysis (hexane: EtOAc =1:1) showed the disappearance of

starting material, 2M aq. HCl solution (10 ml) was added to neutralize the pH

into 7. The MeOH was removed and the residue was extracted with EtOAc

(3×50 ml). The combined organic layer was washed with water (2×100 ml) and

brine (100 ml) and it was dried over MgSO4 and then filtered. The solvent was

removed to yield compound 65 as a white foam (15.6 mg, 0.034 mmol,

84.7 %).

mp 128–130°C; 1H-NMR δ (CDCl3): 0.72 (3H, s, 18-CH3), 0.98 (3H, d, J = 6.1

Hz, 21-CH3), 1.01 (3H, s, 19-CH3), 1.12-1.20 (4H, m, 8-CH, 9-CH, 14-CH,

17-CH), 1.28-1.31 (3H, m, 1-CH2, 20-CH), 1.43-1.62 (10H, m, 2-CH2, 4-CH2,

6-CH2, 7-CH2, 11-CH2), 1.63-1.78 (4H, m, 15-CH2, 16-CH2), 2.28-2.35 (2H, m,

22-CH2), 2.42-2.48 (2H, m, 23-CH2), 4.03 (1H, d, 12α-H). 13C-NMR ppm

(CDCl3): 12.5 (18-C, CH3), 17.0 (19-C, CH3), 22.9 (21-C, CH3), 23.5 (11-C,

CH2), 25.5 (15-C, CH2), 26.3 (16-C, CH2), 27.2 (2-C, CH2), 28.8 (22-C, CH2),

30.8 (23-C, CH2), 30.9 (1-C, CH2), 32.3 (20-C, CH), 33.2 (10-C, C-CH3), 33.3

(4-C, CH2), 33.7 (6-C, CH), 35.0 (5-C, CH), 35.5 (8-C, CH), 38.6 (12-C, CH2),

40.1 (9-C, CH), 40.3 (13-C, C-CH3), 46.0 (14-C, CH), 46.2 (17-C, CH), 47.5

(12-C, CH), 71.0 (3-C, CH), 175.0 (24-C, COOH). HRMS: Found: (M+H)+

=459.2730, calculated C25H39F3O4+ =459.2722. IRvmax (ATR): 2929, 1706,

1449, 1380 cm-1.

3α-trifluoromethyl-7β-hydroxyl-5β-cholanoate (3α-trifluoromethyl UDCA)
(66)

To a solution of protected 3-trifluoromethyl UDCA (20 mg, 0.040 mmol) in

MeOH (16 ml) was added 2M aq. NaOH solution (5 ml) at reflux and stirred for

5 h. When TLC analysis (hexane: EtOAc =1:1) showed the disappearance of

starting material, 2M aq. HCl solution (10 ml) was added to neutralize the pH

into 7. The MeOH was removed and the residue was extracted with EtOAc
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(3×50 ml). The combined organic layer was washed with water (2×100 ml) and

brine (100 ml) and it was dried over MgSO4 and then filtered. The solvent was

removed to yield compound 66 as a white foam (16.0 mg, 0.035 mmol,

86.9 %).
1H-NMR δ (CDCl3): 0.73 (3H, s, 18-CH3), 0.94 (3H, d, J = 6.1 Hz, 21-CH3),

0.99 (3H, s, 19-CH3), 1.11-1.17 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.27-1.31

(3H, m, 1-CH2, 20-CH), 1.43-1.56 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2,

11-CH2), 1.59-1.77 (4H, m, 15-CH2, 16-CH2), 2.25-2.31 (2H, m, 22-CH2),

2.33-2.45 (2H, m, 23-CH2), 4.09 (1H, d, 7β-H). 13C-NMR ppm (CDCl3): 12.5

(18-C, CH3), 18.7 (19-C, CH3), 21.5 (21-C, CH3), 23.2 (11-C, CH2), 27.0 (15-C,

CH2), 27.9 (16-C, CH2), 28.6 (2-C, CH2), 30.6 (22-C, CH2), 30.8 (23-C, CH2),

31.2 (1-C, CH2), 32.4 (20-C, CH), 33.7 (10-C, C-CH3), 34.8 (4-C, CH2), 35.4

(6-C, CH), 37.4 (5-C, CH), 39.4 (8-C, CH), 39.6 (12-C, CH2), 41.9 (9-C, CH),

42.8 (13-C, C-CH3), 55.1 (14-C, CH), 56.2 (17-C, CH), 69.5 (7-C, CH), 71.8

(3-C, CH), 175.3 (24-C, COOH). HRMS: Found: (M+H)+ =459.2732, calculated

C25H39F3O4+ =459.2722. IRvmax (ATR): IRvmax (ATR): 2926, 2156, 1716,

1449, 1381 cm-1.

3α-trifluoromethyl-7α-hydroxyl-5β-cholanoate (3α-trifluoromethyl CDCA)
(67)

To a solution of protected 3-trifluoromethyl UDCA (20 mg, 0.040 mmol) in

MeOH (16 ml) was added 2M aq. NaOH solution (5 ml) at reflux and stirred for

5 h. When TLC analysis (hexane: EtOAc =1:1) showed the disappearance of

starting material, 2M aq. HCl solution (10 ml) was added to neutralize the pH

into 7. The MeOH was removed and the residue was extracted with EtOAc

(3×50 ml). The combined organic layer was washed with water (2×100 ml) and

brine (100 ml) and it was dried over MgSO4 and then filtered. The solvent was

removed to yield compound 67 as a white foam (15.2 mg, 0.033 mmol,

82.5 %).
1H-NMR δ (CDCl3): 0.70 (3H, s, 18-CH3), 0.97 (3H, d, J = 6.1 Hz, 21-CH3),
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0.98 (3H, s, 19-CH3), 1.15-1.23 (4H, m, 8-CH, 9-CH, 14-CH, 17-CH), 1.24-1.30

(3H, m, 1-CH2, 20-CH), 1.35-1.58 (10H, m, 2-CH2, 4-CH2, 6-CH2, 7-CH2,

11-CH2), 1.62-1.75 (4H, m, 15-CH2, 16-CH2), 2.27-2.32 (2H, m, 22-CH2),

2.40-2.46 (2H, m, 23-CH2), 2.50-2.55 (2H, t), 3.89 (1H, d, 7α-H). 13C-NMR ppm

(CDCl3): 11.8 (18-C, CH3), 18.2 (19-C, CH3), 20.8 (21-C, CH3), 22.2 (11-C,

CH2), 23.7 (15-C, CH2), 27.4 (16-C, CH2), 28.1 (2-C, CH2), 30.6 (22-C, CH2),

30.8 (23-C, CH2), 33.7 (1-C, CH2), 33.8 (20-C, CH), 34.5 (10-C, C-CH3), 35.3

(4-C, CH2), 36.7 (6-C, CH), 39.3 (5-C, CH), 39.4 (8-C, CH), 39.6 (12-C, CH2),

41.9 (9-C, CH), 42.8 (13-C, C-CH3), 50.3 (14-C, CH), 55.8 (17-C, CH), 68.4

(7-C, CH), 71.0 (3-C, CH), 177.6 (24-C, COOH). HRMS: Found: (M+H)+

=459.2721, calculated C25H39F3O4+ =459.2722. IRvmax (ATR): 2926, 2160,

1680, 1442, 1386 cm-1.

6.1.2 Reverse phase thin layer chromatography (PRTLC)

The TLC experiments were carried out on pre-coated C18 reverse phase TLC

(20cm×20cm, F254) plates (Merck, Darmstadt, Germany). The plates were

spotted with solutes of each test compound dissolved in DCM (10 µl). Plates

were developed in a closed container across a development distance of 15 cm.

The mixture of methanol-water (v/v) was used as development solvents and

solvent composition for mobile phase is chosen by trial and error method. The

plates were dried for 10-15 min after development and then stained with a 5%

ammonium molybdate solution, and followed by heating to visualize the blue

spots. All the components of the mobile phases were of the analytical grade of

purity. All experiments were proceeded at ambient temperature.

6.2 Cell culture

6.2.1 Bile acids

All bile acids and bile acid derivatives were synthesized based on the

procedures shown above. Synthesized bile acid compounds for biological tests
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were maintained in DMSO as 1 mM stock solutions. The compounds were

diluted up to the specific concentration of 1% DMSO (high concentration of

DMSO damages cells). This ensures solubility and uniformity of all biological

tests.

6.2.2 Cell subculture

Cells in T-75 flask grown to high confluence (80–90% confluence) need to be

subcultured into different T-75 flasks for further growth. The medium was

discarded, followed by trypsinization (adding 3 ml of trypsin-EDTA mixture to

the confluent cultures) in the incubator for 3–5 min with regular gentle shaking,

which allowed the cells to full detached from the flask. The trypsinized cells

were added into a universal tube containing fresh medium and then

centrifuged for 5 min at the speed of 900 rpm. The supernatant was then

removed and the cell pellet was suspended in new medium and aliquoted into

different T-75 flasks to make a volume of 15 ml cell medium.

6.2.3 Cell counting

The biological assay needs a consistent number of cells to be cultured. Cell

concentrations were calculated using a bright-line haemocytometer (Hausser

Scientific, Horsham, P.A., USA). A volume of 10 μl of the mixed cell suspension

was injected into the haemocytometer below the glass microscope slide. The

number of cells per ml was determined as average cell/mm3×105 (overall

multiplication factor). Here, the average cell/mm3 is determined by averaging

the number of cells present in each counting zone.

Cells were brought to a concentration of 1×105 cells/ml for MTT and Alamar

Blue assay and 6.2×105 cells/ml for FXR agonist assay. The resulting different

cell suspensions were seeded into the flat-bottom 96-well plate and incubated

at 37oC with 5%CO2.
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6.2.4 Cell preservation and recovery

Following the operating protocol of cell subculture, once the cell pellet was

obtained after removal of the supernatant, 3 ml of FBS with 5% DMSO was

added dropwise. A volume of 1 ml of this cryoprotectant suspension was

added into a sterile cryovial and all the cryovials were placed into a -80oC

freezer for 24 h and then into a liquid nitrogen tank for longer term storage.

To recover the cells the cryovials were removed from the liquid nitrogen tank

and thawed at RT and then at 37oC in a water bath. The cell suspension was

slowly added to the warm medium to avoid damaging the cell membrane and

the suspension was then centrifuged at the appropriate rotation speed and

time, which depended on the cell type. After removal of the supernatant, the

cell pellet was resuspended in fresh medium and then transferred to a T-25 cell

culture flask with 5 ml volume.

6.2.5 Caco-2 cell line

Caco-2 cell line is the adherent and continuous cell line derived from human

epithelial colorectal cancer cells. It was grown as a monolayer in T-75 cell

culture flask in DMEM low glucose type (pH=7.4) supplemented with 20%

sterile and inactivated FBS, 1% sodium pyruvate solution, 1% 2 mM

L-glutamine and 1% penicillin-Streptomycin (pen/strep) antibiotic solution.

Cells were maintained in a humidified incubator set at 37oC, 5% CO2. Cell

medium was changed approximately every second or third day until cells

reached around 80–90% confluence followed by normal cell subculture

procedures. When confluent, cells were split into 3. Caco-2 cells were used up

to a maximum passage number of 50 in the normal case.

6.2.6 Huh-7 cell line

Hepatocellular carcinoma (Huh-7) cell line is epithelial-like human liver cell



260

derived carcinoma cell line that is mainly obtained from ATCC. It was grown in

DMEM media high glucose type with 10% sterile FBS, 1% sodium pyruvate

solution and 1% Penicillin-Streptomycin (pen/strep) antibiotic solution. Cells

were maintained in a 37oC, 5% CO2 incubator. When confluent, cells were split

into 2. Cell medium was changed approximately every second or third day until

cells reached around 80–90% confluence followed by normal cell subculture

procedures. All assays using Huh-7 cell line were done independently in

triplicate, using cell cultures at low passages.

6.2.7 FXR-UAS-bla HEK 293T cell line

The GeneBLAzer FXR-UAS-bla HEK 293T cells contain human FXR ligand

binding domain and express FXR β-lactamase reporter gene. They were

cultured in DMEM with GlutaMAXTM media supplemented with 10% dialyzed

FBS, 1% NEAA solution, 2.5% HEPES solution, 1% 100 U/ml

Penicillin-Streptomycin (pen/strep) antibiotic solution and a small amount of

100 μg/mlHygromycin antibiotics. Cells were maintained in a 37oC, 5% CO2

incubator. When confluent, cells were split into 3. Cell medium was changed

approximately every second day until cells reached 80–90% confluence

followed by normal cell subculture procedures.

6.3 MTT assay

%Cell viability can be measured in 96-well plates, following exposure to

specific drugs or reagents, where MTT (3-(4, 5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide, Thiazolyl blue tetrazolium bromide is widely

used. The MTT assay is based on the ability of viable cells to produce

fluorescent purple formazan (reduced form) from the cleavage of the

tetrazolium salt in the mitochondria of viable cells. Cells were placed into 96

well plates at a concentration of 1×105 cells/ml for test cells in 100 μl

appropriate FBS containing medium. The cells were incubated for 24 h to allow
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for adherence before treatment. After 24 h, the medium is aspirated from the

well and FBS free medium is added. The cells were treated with the drug

solution at indicated concentration for the appropriate time. At the same time,

some wells need to be vehicle controlled with 1% DMSO. Two hours before the

end of treatment, 10 μl of 2.5 mg/ml MTT was added into the solution. At 24 h

time point, the medium was gently removed and 100 μl DMSO was added into

the wells. The plates were shaken for around 10 minutes to allow the

dissolution of formazan crystals. The absorbance of each well can be read on

a VERSAmax Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) at a

wavelength of 570 nm. % cell viability was determined by calculating to the

vehicle controlled.

Values represent the mean ± SEM (standard error of the mean) of three

experiments performed in triplicate. Resultant concentration effect curves were

transformed and analyzed using GraphPad Prism 5 (San Diego, CA, USA).

6.4 Alamar Blue assay

% Cell viability can also be measured using another fluorometric assay

reagent called Alamar Blue (resazurin, oxidized form,

7-hydroxy-3H-phenoxazin-3-one-10-oxide). It is a water-soluble, cell

permeable, stable, non-toxic and weakly fluorescent blue indicator dye but

very sensitive to light. Resazurin undergoes colorimetric change based on

cellular metabolic reduction by mitochondrial enzymes that carry diaphorase

activity. Its reduced form (resorufin, 7-hydroxy-3H-phenoxazin-3-one) shows

pink and is highly fluorescent. The intensity of fluorescence is direct proportion

to the viable cells present. Cells were placed into 96-well plates at a

concentration of 1×105 cells/ml for test cells in 100 μl appropriate FBS-

containing medium. After incubating for 24 h, the medium is aspirated from the
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well and FBS free medium is added. The cells were treated with the drug

solution at indicated concentration for the appropriate time. At the same time,

some wells need to be vehicle controlled with 1% DMSO. After another 24 h,

Alamar Blue reagent (10% v/v, 10 μl) was added into the solution straight away

(no need to replace culture medium before adding Alamar Blue reagent

because dead or dying cells in the culture medium did not influence the overall

fluorescence of reduced Alamar Blue reagent and the fluorescence fully

depended on living cells attached to the well bottom) and then incubated for

2-4 h until color changes into pink from blue. The fluorescence absorbance of

each well can be read on a VERSAmax Microplate Reader (Molecular Devices,

Sunnyvale, CA, USA) at an excitation wavelength of 544 nm and an emission

wavelength of 590 nm with bottom read mode. % cell viability was normalized

to the vehicle controlled (wells without cells but with culture medium containing

10% v/v Alamar Blue reagent) with the same formula above and values

represent the mean ± SEM (standard error of the mean) of three experiments

performed in triplicate.

6.5 FXR agonist assay

Activation of FXR can be measured based on the fluorescence detected. Cells

were placed into 384-well plates with black and clear bottom at a concentration

of 6.2×105 cells/ml for FXR-UAS-bla HEK 293T cells in 32 μl appropriate FBS

containing medium. After incubating for 4 h, the cells were treated with the bile

acid drug solution at indicated concentration for the appropriate time. At the

same time, some wells need to be vehicle controlled with 0.5% DMSO. After

16 h, 6X Substrate loading solution was added into each well. The

fluorescence of each well was detected with specific plate reader at an

excitation wavelength of 409 nm and an emission wavelength of 460 nm (Blue

channel) or 530 nm (Green channel).
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6.6 Analysis of chlorambucil by HPLC assay

Preparation of the biological samples: Huh-7 cells in a volume of 250 μl were

plated into 24 well plate (cell density is 8×104 cells per well) and incubated for

24 h before treatments. The medium was removed then and 250 μl of

chlorambucil and chlorambucil conjugates were added into the wells at 10 μM

(prepared in supplement free medium containing 1% of DMSO) at 37oC. The

mixture was then collected into Eppendorfs and the cells were quickly washed

with chilled PBS. RIPA lysis buffer was then added into the cells and shaken

for 15 min. The lysate was also collected into another Eppendorf and stored at

-20oC for further measurements.

The measurement of chlorambucil samples were carried out at RT. The

supernatant and the lysate were diluted 1 in 2 with acetonitrile HPLC grade

(adding 250 μl ACN to make up the volume of the sample to 500 μl). The

samples were centrifuged at 5000 rpm for 10 min to eliminate the cellular

debris which might block the column. The chromatography was conducted on

an X-bridge C-18 reverse phase column (4.6×250, 5 μm particle size). HPLC

conditions were injection volume: 20 μl; flow rate: 1.5 ml/min; running time: 20

min for the drug chlorambucil and UDCA chlorambucil and 30 min for the DCA

chlorambucil; Column temperature: 35oC; mobile phase: water: 1% formic acid

in water/1% formic acid in acetonitrile=50:50; detection wavelength: 254 nm.

Each compound was tested three times.

RIPA lysis buffer used: [20 mM Tris/HCl (at pH 8.0), 5 mM EDTA, 1 mM

phenylmethyl-sulfonyl fluoride, 1.5 mg leupeptin, 137 mM NaCl, 10% (v/v)

Glycerol, and protease inhibitor cocktail]

6.7 Statistical analysis

Statistical analysis and comparison of different groups were done using a

one-sample t-test. Data were graphically represented as the mean ± SEM. All

data were analyzed using GraphPad Prism5 software. A P-value lower than



264

0.05 was considered to be statistically significant.
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